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1. 


OBJECTIVE 


The  aim  of  this  work  is  to  derive  analytic  model  expressions  describing  the 
electrical  behaviour  of  the  GaAs  microstrip  open  end,  gap,  step,  90°  bend  and 
T-junction  for  frequencies  up  to  60  GHz. 
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2. 


INTRODUCTION 


2.1.  CURRENT  DISCONTINUITY  MODELS 

The  MIC  and  MMIC  discontinuity  models  used  today  in  commercial  CAD  software 
are  usually  semi -empiri cal ,  based  on  narrow  measured  databases  and  quasi¬ 
static  or  magnetic  wall  approximations  which  are  unable  to  describe  full  wave 
coupling  effects  or  interaction  of  discontinuities  with  a  shielding  package 
(1),  From  their  very  definition  and  method  of  derivation,  existing 
analytical  discontinuity  models  cannot  take  into  account  interaction  with 
their  circuit  environment,  but  are  treated  as  isolated  structures. 

At  mm-wave  frequencies  the  discontinuity  environment  is  integral  to  its 
electrical  behaviour.  For  example  a  microstrip  open  end  behaves  quite 
differently  when  it  is  considered  in  a  completely  open  environment  as 
compared  to  one  which  is  laterally  open  or  as  in  the  usual  MMIC  case  enclosed 
by  a  package.  The  percentage  of  power  radiated  from  the  open  end  is  a 
relatively  strong  function  of  the  circuit  cover  height  since  the  presence  of 
a  cover  has  a  direct  effect  on  the  radiation  mechanism  (3,4).  Moreover  in 
the  completely  shielded  situation  the  radiated  field  interaction  is 
additionally  dependent  on  the  lateral  shielding  dimensions  (2,5).  The 
situation  is  even  more  complicated  in  the  case  of  90°  bends  and  T-junctions, 
which  are  two  directional  orthogonal  structures.  The  interaction  of  the 
microstrip  discontinuity  with  the  package  field  is  bidirectional. 

To  obtain  discontinuity  models,  however,  both  a  method  of  obtaining  3-D 
electrical  solutions  for  the  discontinuities'  physical  structure  as  well  as  a 
systematic  modelling  scheme  is  required. 
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2.2.  BRIEF  SUMMARY  OF  THE  MATHEMATICAL  TECHNIQUES  USED  IN  THE  DISCONTINUITY 
ANALYSIS 

In  order  to  develop  the  discontinuity  models,  measured  or  numerical  data 
generated  by  3-D  electromagnetic  field  analysis  has  to  be  available. 
Measured  data  is  however  not  available  and  thus  models  have  to  rely  on 
analytic  generated  data. 

All  reported  field  analysis  methods  are  based  on  spectral  domain  techniques 
(6,7).  The  program,  SFPMIC,  used  in  this  work  is  based  on  a  source  type 
solution  (2),  allowing  radiation  in  one  direction  to  be  described. 

SFPMIC  {^ource  ^formulation  £rocedure  for  the  analysis  of  elementary  struc¬ 
tures  in  MICs)  is  a  computer  program  which  uses  a  deterministic  hybrid-  mode 
spectral -domai n  approach  for  the  numerical  computation  of  the  scattering 
parameters  of  elementary  MIC  and  MMIC  structures,  this  approach  providing 
full -wave  solutions.  The  only  assumptions  made  are  infinite  conductivity 
(neglect! on  of  loss)  and  zero  metal  thickness  of  the  conductors.  The  mathe¬ 
matical  techniques  used  in  its  essential  steps  can  be  described  as  follows: 

•  A  two-dimensional  integral  equation  for  the  substrate  surface  of  a 
general  MIC/MMIC  medium  is  analytically  derived.  This  equation's 
validity  is  independent  of  the  metallisation  shapes  to  be  treated.  It 
is  deterministic  since  on  its  right  hand  side  it  exhibits  impressed 
current  densities,  these  current  densities  acting  as  sources  which 
excite  the  strip  modes  that  interact  with  the  discontinuity  of 
interest. 

•  The  deterministic  equation  is  solved  numerically  by  the  application  of 
a  moment  method  in  the  spectral  domain.  This  results  in  a  relatively 
low  order  system  of  equations  (low  order  as  compared  to  other 
methods).  However,  the  generation  of  the  coefficients  of  this  system 
of  equations  becomes  time  consuming  for  high  spatial  resolutions. 


.8. 


because  a  two-dimensional  summation  over  all  spectral  contributions  is 
invoi ved. 

•  A  special  scheme  of  expansion  functions,  which  are  partially 
precomputed  strip  mode  solutions,  is  used. 

To  check  the  results  of  this  program  an  alternative  analysis  program  based  on 
the  spectral  operator  expansion  method  (7)  was  developed.  Instead  of  using 
precomputed  modes  this  technique  uses  a  finite  grid  of  frequency  independent 
expansion  functions  to  describe  the  surface  current  density  on  the 
discontinuity  conductor  pattern.  The  outline  of  this  approach  can  be  found 
in  more  detail  in  the  Appendix. 

2.3.  DISCUSSION  QN  UNIFIED  SYSTEMATIC  APPROACHES  TO  DISCONTINUITY  MODELLING 

The  development  of  microstrip  discontinuity  models  has  been  reported  in  the 
technical  literature  by  many  authors.  Collections  of  frequently  used 
discontinuity  models  have  been  published  by  Gupta  et  al  (8)  and  also  by 
Kirschning  (9).  The  methodology  of  obtaining  such  models  are  not 
standardised  and  are  based  on  the  knowledge  and  physical  insight  of  the 
developing  scientists  and  engineers.  Often  trial  and  error  procedures  have 
been  used  to  get  the  best  results.  This  is  far  away  from  a  unified 
systematic  approach  and  usually  requires  a  large  amount  of  effort  to  obtain 
models  with  more  than  two  physical  variables. 

In  Kirschning' s  development  of  a  gap  discontinuity  model,  for  example  the 
empirical  procedure  followed  was  not  capable  of  generating  a  model  for  the 
useful  dielectric  constant  range  2<e^<13.  The  model  had  to  take  into  account 
dependences  on  the  geometry  ratios  g/h,  w^/h,  W2/h  and  on  the  dielectric 
constant  e^.  However,  modelling  a  function  depending  on  four  different 
variables  is  a  problem  that  can  hardly  be  solved  just  by  empirical  means.  To 
achieve  the  best  possible  solution,  a  systematic  and  fully  justifiable 
approach  has  to  be  applied. 
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As  a  related  example,  take  the  computer  aided  generation  of  microwave 
resistor,  capacitor  and  inductor  models  as  presented  by  Baden  Fuller  (10).  In 
this  method  equivalent  circuits  descriptions  of  these  passive  components  are 
used  to  obtain  an  approximation  to  the  measured  microwave  scattering 
parameters.  If  necessary,  an  automatic  procedure  adds  new  equivalent  circuit 
elements  and  new  nodes  into  the  equivalent  circuit  topology.  The  main 
disadvantages  of  this  procedure  are  twofold.  Fc r  a  given  set  of  measured 
data  the  model  always  represents  a  good  approximation,  however,  the  same 
microwave  component  with  a  slightly  different  ^^eometry  may  be  modelled  by  an 
equivalent  circuit  of  different  topology.  This  occurs  due  to  the  complete 
lack  of  a  predefined  physical  morphology.  The  second  disadvantage  is  the 
erroneous  out  of  range  behaviour  of  such  models.  These  models  can  be  used 
only  in  a  restricted  frequency  range.  For  frequencies  beyond  the  applied 
test  values,  the  equivalent  circuit  models  may  have  a  completely  different 
and  unphysical  behaviour.  So,  this  type  of  computer-aided  purely 
empirical  search  is  again  not  a  suitable  solution  to  the  microwave 
discontinuity  modelling  problem. 

One  of  the  few  available  systematic  modelling  procedures  for  the  frequency 
dependent  scattering  parameters  of  microwave  devices  has  been  presented  by 
Thiele  (11)  in  which  a  polynomial  description  for  scattering  parameters  as  a 
function  of  frequency  is  used.  This  approach  can  be  applied  to  general 
microwave  discontinuities.  The  main  idea  is  that  if  a  distributed  structure 
can  in  principle  be  described  by  an  equivalent  circuit,  it  can  also  be 
described  in  a  very  general  sense  by  rational  network  functions  in  terms  of 
complex  frequencies  (pole-zero-schematics). 

At  least,  network  representations  which  are  based  only  on  the  common  network 
properties  of  distributed  passive  structures  seem  better  suited  to  an 
automatic  modelling  process  and  a  systematic  approach  than  a  fixed  set  of 
arbitrarily  selected  special  functions.  An  important  question  in  this 
context  is  always,  how  to  be  sure  that  the  chosen  functions  are  able  to  give 
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a  good  approximation  to  the  discontinuity  electrical  characteristics.  From 
this  point  of  view  polynomials  seem  a  good  choice.  Every  real  function  can 
be  approximated  by  a  rational  polynomial  of  appropriate  order. 

In  this  approach,  the  basic  principle  used,  is  the  successive  application  of 
one-dimensional  curve  fitting  to  mul ti-dimensional  functions  in  a  sequence 
ordered  with  respect  to  decreasing  parameter  sensitivities.  For  example  take 
the  two  parameter  functions  for  the  microstrip  open  end  effect  presented  by 
Kirschning  and  Jansen  (12).  The  two  dimensional  end  effect  function  a1  = 
f(w/h,  e^),  where  w  is  the  strip  width,  h  the  substrate  thickness  and  the 
dielectric  constant,  can  be  treated  in  this  manner.  As  a  preliminary  step  a 
data  base  is  generated  by  taking  n  x  n  samples,  the  samples  being  generated 
from  measurements  or  exact  numerical  techniques. 

The  first  approximation  step  is  to  find  the  maximum  number  of  coefficients 
needed  for  a  good  fit  in  one  direction  of  the  data  grid,  i.e.  either  n^ 
curves  Al  =  f(w/h,  =  const.)  or  n^  curves  Al  =  f  (e^,  w/h  =  const.).  The 
number  of  orthogonal  polynomials  or  rational  function  coefficients,  n^^  is 
then  increased  until  a  minimum  predescribed  deviation  at  all  points  of  the 
grid  is  obtained.  The  associated  coefficients  a^-  are  now  functions  of  the 
parameter  determining  the  second  direction  of  the  grid.  A  second 
one-dimensional  curve  fitting  procedure  is  applied  obtaining  n^2  coefficients 
to  complete  the  two  dimensional  approximation.  As  a  result  n^j^  x  n^2 
coefficients,  necessary  to  establish  a  new  description  are  obtained. 
Although  this  approach  is  systematic,  the  disadvantage  is  that  a  function, 
for  example,  of  5  variables  will  possibly  result  in  a  representation  3^-5^  or 
more  polynomial  coefficients  depending  upon  the  fitting  accuracy  required. 

An  alternative  approach  is  the  use  of  a  physics  related  models.  The  concept 
of  this  approach  is  that  a  general  equivalent  circuit  description  can  be 
developed  for  arbitrary  junctions  and  discontinuities.  Based  on  the  theory 
of  waveguides  including  those  with  non-uniform  dielectric  in  the  cross 
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section,  these  descriptions  take  the  form  of  a  transformer  circuit  with 
multiple  windings  attached  to  fundamental  and  higher  modes  (13). 

Ui  =  jwLj^ij  +  jwM^2''2  ■'■•••  jwM^j^.ij^'  +  ... 

U2  =  -3X212  etc. 

Fig.  2.1:  Two  port  equivalent  circuit 

For  example  in  Fig.  2.1,  1  and  1'  might  be  the  fundamental  strip  modes  asso¬ 
ciated  with  a  step  in  width,  2  and  2'  the  fundamental  parasitic  (package, 
LSMq)  modes  associated  with  the  strips  and  all  higher  order  evanescent  modes. 
All  modes  which  are  not  propagating  can  be  represented  as  reactances 
transformed  to  1  and  1'  and  physically  relate  with  the  discontinuity  or 
junction  stored  energy.  In  the  case  of  the  LSM^  package  modes,  reactances 
associated  with  the  package  dimensions  occur  (X2)  if  the  package  is  closed 
(except  for  microstrip  fundamental  mode  anchors),  and  radiation  resistances 
(R2)  if  the  package  is  open  in  one-dimension  (energy  leakage).  The  coupling 
terms  M^2  t)®  generated  from  the  modal  fields  by  using  suitable  coupling 

integrals  (scalar  products)  based  on  the  mode  information  in  the  feed  strip 
look-up  tables.  For  the  fundamental  and  higher  order  modes  propagating  on 
the  feed  lines  of  microstrip  junctions  and  discontinuities,  the  modal 
characteristics  can  be  easily  generated  for  a  wide  range  of  geometries  and 
frequencies.  Look  up  tables  of  these  characteristics  can  provide  input  for 
discontinuity  modelling.  In  this  way  theory-based  equivalent  circuit 
topologies  can  be  derived  in  unified  form  for  the  discontinuities. 

Preliminary  generated  numerical  data  has  shown  that  in  the  mm-wave  range 
accurate  modelling  requires  taking  into  account  the  presence  of  the  package. 
Interaction  effects  of  the  discontinuity  and  the  package  thus  need  to  be 
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described  when  modelling.  Such  effects  can  be  included  by  properly 
terminating  the  LSM^  mode  in  the  models  (resulting  in  a  parallel  radiation 
resi stance) . 

Based  on  the  equivalent  circuit  description  physics-related  models  can  be 
developed  in  which  most  of  the  necessary  elements  are  described  in  terms  of 
the  mode  characteristics  (fundamental  and  parasitic).  Thus  it  should  only 
leave  the  modelling  of  the  evanescent  mode  effects  as  parasitic  reactances. 
Moreover  these  reactances  can  partially  be  obtained  from  quasi -static 
expressions  existing  already  in  the  discontinuity  literature. 
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3. 


INITIAL  STUDIES  INTO  THE  PHYSICS  RELATED  MODELLING  APPROACH 


In  the  previous  section,  the  concept  of  a  physics  related  model  was 
introduced.  To  implement  such  an  approach,  studies  had  to  be  undertaken  in 
order  to  obtain  a  systematic  method  for  translating  the  discontinuity-package 
electromagnetic  field  interaction  into  an  equivalent  circuit  description. 
The  open  end  discontinuity,  the  simplest  of  the  group  to  be  analysed,  was 
used  to  obtain  the  basic  methodology. 

3.1.  BASIC  MODEL  STUDIES 

The  proposed  physics  related  modelling  approach  must  give  correct  open  end 
results  even  allowing  for  the  effects  of  the  associated  package  on  the 
discontinuity  behaviour.  The  same  applies  if  the  shielding  wall  opposite  to 
the  open  end  is  removed  resulting  in  the  radiation  of  energy  away  from  the 
open  end  in  the  form  of  LSM^  mode  propagation.  In  order  to  verify  this 
modelling  approach,  the  simplest  discontinuity,  the  microstrip  open  end  was 
studied. 


The  geometry  in  the  outlined  modelling  procedure  is  presented  in  Fig.  3.1. 
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Fig.  3.1:  Geometry  for  open  end  problem 
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In  this  diagram  the  feed  strip  width  is  w,  strip  length  b,  distance  of  the 
open  end  to  the  package  wall  d.  The  package  cover  height  is  H  above  a 
substrate  thickness  h  and  width  w^ .  The  open  end  position  in  the  package  is 
given  by  x^. 

The  equivalent  circuit  model  proposed  for  this  situation  is  Fig.  3.2.  In 
this  model  a  transformer  and  three  reference  plane  shifts  are  the  only 
el ements . 


^^LSMn'  b 


LSMq  ■  mode 


Fig.  3.2:  Open  end  model  derived  from  one-port  data 

A  study  on  this  equivalent  circuit  was  done  using  the  following  geometric 
parameters:  strip  width  lOOum,  substrate  thickness  lOO^m,  package  height 

500um,  package  width  3.1  mn,  dielectric  constant  12.85  and  feed  section 
length  0.8  mm.  The  operating  frequency  was  80  GHz. 
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Fig.  3.3:  Sll  phase  of  open  end 
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The  model  parameters  generated  in  this  case  were:  microstrip  effective 

dielectric  constant  9.25,  characteristic  impedance  44.05  ohm,  open 

end  length  a1^  0.025  mm;  for  the  LSMq/LSMq'  description  0.816,  80.76 

ohm,  a1 ,  CM  0.86  mm  and  a1,cm  «  0.5  mm.  The  transformer  ratio  n  was  0.15. 
LSMq  LSMq 

A  comparison  of  the  open-end  reflection  coefficient  phase  computed  from  the 
model  with  that  derived  from  the  fiel d-theoreti al  data  basis,  is  shown  in 
Fig.  3.3.  In  this  figure,  d,  the  distance  between  the  open  end  and  the 

opposite  electric  wall  of  the  conducting  package,  was  varied  in  the  range  0.5 
mm  to  6  mm.  The  box  resonances  resulting  for  certain  values  of  d  can  be 
clearly  recognised.  At  such  values  a  strong  interaction  between  the  open  end 
leakage  field  and  the  box  field  occurs  with  the  effect  that  the  phase  of 
deviates  strongly  from  its  static  capacitive  model  values.  The  static  value 
model  result  is  indicated  as  a  straight  line  (~16“  phase).  Despite  the 
simplicity  of  the  model,  the  main  physical  behaviour  is  described 
accurately . 

Another  related  model  describing  this  situation  was  also  studied  (Fig.  3,4). 


S  M, 


•  "node 


Fig.  3.4:  Alternative  microstrip  open  end  model 

This  model  still  includes  the  different  wavelengths  of  the  LSM^  mode  and  the 
LSM^'  mode.  If  the  package  mode  characteristics  are  known  from  numerical 
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investigations,  it  was  found  that  the  package  resonances  can  be  predicted 
very  accurately.  The  value  of  the  resonance  length  d^^^  for  a  fixed  length  b 
of  the  microstrip  feed  section  can  be  given  with  good  accuracy  by  the 
relation 


d 


res 


(0.5-b/x^^p^  ') 


where  and  x,  , 

LMSq  LSMq 


are  the  different  LSMq  wavelengths. 


Further  preliminary  studies  were  carried  out  using  the  one  port  equivalent 
model.  The  geometric  configurations  analysed  are  those  of  Table  1  where  the 
open  end  position,  in  the  package  is  given  by 


Xm  =  -X^  and  the  package  width  by  > 

the  open  ends  having  a  fixed  substrate  thickness  of  0.1  im.  The  table  is  in 
two  parts,  the  first  giving  the  geometric  values  of  each  configuration 
analysed  and  the  second  the  modal  characteristics  obtained  for  each 
configuration.  ZL  and  EFF,  and  ZLSM  and  EFLSM  are  the  characteristic 
impedance  and  effective  dielectric  constants  of  the  microstrip  and  LSM^  modes 
respecti vely . 


With  the  reference  plane  of  the  open  end  one-port  description  situated  at  the 
microstrip  end,  the  studies  always  resulted  in  a  reference  plane  shift  for 
the  LSM^  mode  directly  related  to  the  length  b  of  the  associated  microstrip 
feed  section.  This  shift,  l^^j^  shown  in  detail  in  Table  2  was  found  to  be 
due  to  the  special  method  of  generating  the  numerical  data  when  using  a 
boundary  value  source  formulation,  the  source  used  in  the  full-wave  numerical 
approach  being  located  at  the  beginning  of  the  microstrip  feed  section.  That 
is,  at  the  wall  of  the  package. 
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Configuration 

Width 

b 

XA 

XB 

M 

1 

0.100 

0.8 

-1.50 

1.60 

0.5 

2 

0.100 

1.5 

-1.50 

1.60 

0.5 

3 

0.100 

2.0 

-1.50 

1.60 

0.5 

4 

0.100 

0.8 

-0.40 

2.70 

0.5 

5 

0.100 

0.8 

-1.50 

1.60 

0.2 

6 

0.075 

0.8 

-1.50 

1.60 

0.5 

7 

0.100 

0.8 

-0.95 

0.85 

0.5 

8 

0.100 

0.8 

-0.55 

0.45 

0.5 

9 

0.100 

0.8 

-1.00 

2.10 

0.5 

10 

0.100 

0.8 

-0.60 

2.50 

0.5 

11 

0.100 

0.8 

-1.20 

1.90 

0.5 

12 

0.050 

0.8 

-1.50 

1.60 

0.5 

Confi gurati on 

Freq. 

EFF 

ZL 

EFLSM 

ZLSM 

1 

80 

9.25 

44.0 

0.816 

80.8 

2 

80 

9.25 

44.0 

0.816 

80.8 

3 

80 

9.25 

44.0 

0.816 

80.8 

4 

80 

9.20 

43.6 

0.816 

80.8 

5 

60 

8.89 

42.7 

0.794 

40.9 

6 

80 

9.03 

49.0 

0.816 

80.8 

7 

70 

9.13 

43.7 

-0.234 

260.0 

8 

80 

9.21 

43.7 

-2.33 

148.2 

9 

80 

9.25 

44.0 

0.816 

80.8 

10 

80 

9.24 

44.0 

0.816 

80.8 

11 

80 

9.25 

44.0 

0.816 

80.8 

12 

80 

8.79 

55.4 

0.816 

80.8 

TABLE  1:  Configuration  geometry  and  mode  characteristics 
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Configuration 

b 

1 

LSM^ 

1 

0.8 

0.860 

2 

1.5 

1.593 

3 

2.0 

2.109 

4 

0.8 

0.828 

Table  2 

Assuming  that  the  LSM^  and  LSM^'  characteristics  are  nearly  equal,  a  unified 
^  0  0 

analytical  model  can  be  presented  for  the  two  modes  (Fig,  3.5). 
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Fig,  3.5:  Unified  open  end  model 

In  the  simplified  model  above  this  unified  description  is  taken  into  account. 
This  equivalent  circuit  model  together  with  the  analytical  LSM^/LSM^'  modal 
expressions  (Section  4.2)  were  used  to  generate  all  the  following  results. 
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3.2.  MICROSTRIP  OPEN  END  SIMULATION  INCLUDING  PACKAGE  RESONANCE  BEHAVIOUR 


The  investigations  clearly  show  that  the  presence  of  a  package  has  a 
significant  influence  on  the  performance  data  of  microstrip  discontinuities 
at  mm-wave  frequencies.  Therefore  the  package  has  to  be  considered  in  the 
modelling  process.  In  the  proposed  model  the  coupling  between  the  microstrip 
mode  and  the  fundamental  package  mode  is  included  allowing  the  separation  of 
pure  discontinuity  effects  from  the  effect  of  the  package. 

One  method  of  modelling  is  to  vary  the  package  length  by  changing  the 
distance  d  between  the  open  end  and  the  opposite  package  wall.  A  function  is 
then  obtained  from  which  the  open  end  data  can  be  de-embedded.  Varying  the 
longitudinal  package  dimension  has  the  advantage  that  all  the  associated  mode 
quantities  are  kept  at  fixed  values.  The  results  of  four  open  end 
configurations  have  been  analysed  in  this  way  and  are  shown  in  Figs.  3.6-9. 
The  numerical  full -wave  data  are  compared  to  those  resulting  from  the 
analytical  model.  The  parameter  values  for  the  equivalent  circuit  model  are 
given  in  the  headers  (transformer  ratio,  microstrip  open  end  equivalent 
length  and  LSM^  mode  reference  plane  shift). 

Figs.  3.6  and  3.7  show  the  results  for  the  discontinuity  geometries  in 
configurations  5  and  6  respectively  (Table  1).  In  these  two  cases  the 
effective  dielectric  constant  of  the  LSM^  mode  is  positive,  i.e.  the  LSM^ 
mode  (and  the  LSM^ '  mode  with  equal  mode  parameters)  is  propagating  in  the 
package.  As  can  be  seen  the  resonance  behaviour  of  the  coupled  open  end  - 
package  configuration  is  well  described  by  the  equivalent  circuit  model. 

On  Figs.  3.8  and  3.9  simulation  results  relating  to  the  geometric 
configurations  7  and  8  are  given  (Table  1).  In  these  two  cases,  the 
effective  dielectric  constant  of  the  LSM^  mode  is  negative  which  by 
definition  means  that  the  LSM^is  below  cutoff  in  the  package.  Under  these 
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MODEL:  .1?1  dl_str,p=  .019  dl  Ism-  .098 


d/mm 


Fig.  3.6:  Open  end  Sll:  configuration  5 

MODEL;  :nr=  .136  dl_stri,D=  .824  dl  lsm=  .062 


d/mm 


Fig.  3.7:  Open  end  Sll:  configuration  6 
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Fig.  3.8:  Open  end  Sll:  configuration  7 
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Fig.  3.9:  Open  end  Sll:  configuration  8 
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circumstances  the  behaviour  of  the  configuration  is  not  resonant.  The 
reflection  coefficient,  however,  can  be  described  by  the  same  equivalent 
circuit  model.  Note,  that  in  this  case  the  characteristic  impedance  and  the 
propagation  constant  of  the  package  mode  are  no  longer  real  but  imaginary. 

In  the  Figures  3.6-9  about  30  different  package  lengths  were  considered  as 
the  data  base  from  which  the  models  were  generated.  Since  the  resonance 
dimensions  of  the  package  can  be  predicted,  however,  to  good  accuracy  from 
the  LSM^  characteristics  and  since  the  behaviour  observed  is  that  of  a 
typical  reactance  function,  it  is  possible  to  determine  the  model  equivalent 
circuit  elements  from  only  three  specific  reflection  coefficients,  i.e.  three 
suitably  chosen  package  lengths.  An  optimum  choice  is  to  take  three  values 
near  to  that  package  length  for  which  the  effect  of  the  package  mode  on  the 
microstrip  open  end  vanishes; 

b/^LSM  ’  ^  ^ 

0  0 

where  n  is  the  number  of  wavelengths. 

With  n  =  1  and  three  data  samples  chosen  near  to  the  above  defined  length, 
good  model  quality  can  be  achieved  using  only  a  small  numerical  data  basis. 
Due  to  the  fact  that  the  electric  field  of  the  LSM^  mode  is  essentially 
directed  vertical  to  the  substrate  surface  and  the  metallisation  thereon,  it 
is  expected  that  similar  reactance  behaviour  will  occur  in  the  other 
discontinuities  cases  (the  LSM^  field  being  perturbed  slightly  by  the 
presence  of  a  metallisation  and  having  little  dependence  on  the  conductor 
shape  except  in  respect  to  the  strength  of  its  excitation). 
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On  Figs.  3.10  and  3.11,  the  microstrip  open  end  configurations  5  and  6  were 
reanalysed  (Table  2),  but  with  the  elements  of  the  equivalent  circuit  being 
generated  from  only  three  data  samples.  As  can  be  seen,  the  open  end 
resonance  behaviour  is  again  described  accurately.  The  open  end  equivalent 
length  result  is  the  same  as  that  obtained  from  a  much  larger  data  base  by 
curve  fitting. 

3.3.  STUDY  OF  MICROSTRIP  LSM^  MODE  COUPLING  AS  A  FUNCTION  OF  DISCONTINUITY 
POSITION 

While  the  package  dimensions  mainly  determine  the  parasitic  resonance 
frequencies  associated  with  a  shielded  discontinuity,  the  position  of  that 
discontinuity  in  the  package  determines  the  strength  with  which  package  modes 
are  excited  and  with  which  package  resonance  fields  interact  with  the 
discontinuity.  This  principle  provides  a  key  to  discontinuities  modelling 
including  coupled  fundamental  package  mode  coupling.  To  demonstrate  that 
this  physical  modelling  concept  is  capable  of  taking  into  account  such 
effects,  the  microstrip  open  end  was  analysed  again  for  five  different 
positions  of  the  microstrip  section  within  the  package  cross  section  (Fig. 
3.12). 
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Fig.  3.12:  Open  end  positions  analysed 
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The  strip  width  taken  is  lOOum  and  the  width  of  the  package,  3.1  inn.  Table  2 
shows  the  model  parameters  obtained  for  the  five  different  strip  positions, 
where  X^,  indicates  the  position  of  the  middle  of  the  strip  from  the  package 
sides  for  each  case. 


Table  3 

Configuration  Xjj,  ^^LSM  ^^m  ^ 


1 

1.6 

0.060 

0.026 

0.144 

1.67 

11 

1.2 

0.063 

0.027 

0.133 

1.69 

9 

1.0 

0.064 

0.027 

0.118 

1.69 

10 

0.6 

0.039 

0.028 

0.077 

1.73 

4 

0.4 

0.028 

0.028 

0.051 

•  1.70 

The  positions  and  lengths  given  in  Table  3  are  in  mm. 

As  can  be  seen,  the  open  end  length  aI^^  of  the  microstrip  does  not  depend 
noticeably  on  the  position  of  the  strip.  This  can  be  explained  as  follows. 
With  the  electric  field  of  the  LSM^  mode  being  similar  to  that  of  a  TE,  mode 
in  a  rectangular  waveguide,  the  coupling  between  the  LSM^  mode  and  the 
microstrip  mode  becomes  smaller  if  the  position  of  the  strip  is  near  the  side 
wall  of  the  package.  This  is  reflected  by  the  transformer  ratio  N  of  the 
transformer  in  the  equivalent  circuit  model.  Following  conventional 
waveguide  theory  and  introducing  an  effective  width  (1,2)  for  the 
prevailing  microstrip,  the  transformer  ratio  and  its  dependence  on  the 
position  of  the  strip  in  the  package  cross  section  can  be  predicted  by  the 
formul a 


pred 


~  ^strip^^’^^ 


LSM, 


cos  (^(x^-0.5Wg^^))  -  cos  (^(x^+0.5Wg^^)), 
s  s 


wi  th 


1  or\  ^  “0.5 

Weff  -  120. . 
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The  table,  however,  shows  that  the  predicted  transformer  ratio 
is  still  undetermined  by  a  proportionality  factor  depending  on  the  choice 
of  the  LSM^  mode  characteristic  impedance  definition.  In  Table  3,  the 
constant  factor  was  found  empirically  to  be  about  1.7.  The  independence  of 
this  factor  on  the  strip  position  again  confirms  the  validity  of  the 
modelling  approach. 

Changing  the  width  of  the’  microstrip  for  a  fixed  package  cross  section  has 
also  been  considered,  the  results  are  given  in  Table  4. 

Table  4 


Configuration 

w/um 

N 

1 

100 

0.144 

6 

75 

0.136 

12 

50 

0.126 

As  expected  the  transformer  ratio  depends  on  the  strip  width. 

3.4.  MICROSTRIP-LSM.  MODE  COUPLING  STUDIES  AT  THE  SOURCE  AND  AT  THE  DISCON¬ 
TINUITY 

The  transformer  element  in  the  equivalent  circuit  plays  a  basic  role  in  the 
discontinuity  modelling  because  it  describes  the  coupling  between  the 
fundamental  microstrip  mode  and  the  fundamental  parasitic  LSM^  package  mode. 
For  this  reason,  the  dependency  of  the  transformer  ratio  N  as  a  function  of 
other  geometry  parameters  is  important  in  order  to  fully  describe  all 
physical  aspects  of  a  model.  Again  the  elementary  open  end  case  was  used  to 
study  the  transformer  behaviour  with  variation  of  the  microstrip  feed  section 
1 ength . 
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Two  models  A  and  B,  (Figs.  3.13  and  3.14)  equivalent  to  the  previous  model 
differing  only  by  the  position  of  the  reference  plane  were  studied.  The 
reference  plane  in  model  A  is  at  the  microstrip  open  end  while  in  model  B  it 
is  at  the  source,  i.e,  at  the  excitation  point  at  the  beginning  of  the 
microstrip.  A  study  showed  that  the  parameters  aI^  and  M  of  both  models 
agreed  with  geometry  variation  of  strip  mid  and  end  package  wall  position. 
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Fig.  3.13:  Open  end  equivalent  circuit  A 
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Fig.  3.14:  Open  end  equivalent  circuit  B 
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Yin,  fnicrostrip 


3.15:  Microstri p-LSMq  mode  coupling  v.  open  end  length 


t/GH 

Fig.  3.16:  Mi crostri p-LSMg  mode  coupling  v.  frequency 


Previous  investigations  have  shown  that  the  simple  one-port  equivalent 
circuit  used  for  modelling  has  to  be  extended  to  fully  describe  all  effects 
represented  by  the  numerical  data.  This  can  be  clearly  shown  if  the 

transformer  ratio  is  investigated  as  a  function  of  the  microstrip  feed  length 
and  of  the  associated  variation  of  the  reference  plane.  The  coupling  between 

the  microstrip  mode  and  the  LSM^  mode,  represented  by  the  value  is 

given  as  a  function  of  the  microstrip  length  b  in  Fig.  3.15.  In  Fig.  3.16 
the  val  ue  of  is  plotted  as  a  function  of  frequency.  Frequency 

variation  is  equivalent  to  changing  the  electrical  length  of  the  microstrip 
section.  The  configuration  investigated  was 

=  12.85,  w  =  100|im,  h  =  lOOum,  H  =  500tim, 
w^  =  3.1  (Tin,  f  =  80  GHz,  b  =  0.8  mm 

From  these  results  a  dependency  of  N  on  the  microstrip  feed  section  length  is 
indicated.  However  a  physical  model  describing  the  microstrip  open  end 

should  be  able  to  match  the  numerically  generated  full  wave  data  with 
parameters  that  do  not  depend  on  the  length  of  the  microstrip  feed  section. 

There  are  only  two  possibilities  for  the  occurrence  of  such  a  length 
dependency,  either  the  approach  used  in  extracting  the  model  parameters  from 
the  numerical  data  needs  modifying  or  a  more  detailed  physical  model  is 
requi red. 

3.5.  STUDY  OF  THE  MODEL  DE-EMBEDDING  PROCEDURE 

3.5.1.  Discussion  on  model  parameter  de-embedding  from  the  field  theory  data 

The  investigations  so  far  have  shown  that  numerical  simulations  of  the  open 
end  as  a  simple  one-port  (which  means  looking  only  at  the  fundamental 


.32. 


microstrip  wave  amplitudes)  again  reveal  a  dependency  of  the  transformer 
ratio,  n  as  a  function  of  the  microstrip  feed  section  length,  b. 

This  dependency  should  not  exist  and  as  such  means  that  the  de-embedding  of 
the  model  from  the  computed  S-parameters  must  be  studied  in  more  detail. 

At  present  the  discontinuity  strip  sections  are  partitioned  into  three 
regions  A,  B  and  C;  A  =  impressed  source  current  density  region  and  the 
transition  region  between  the  source  and  undisturbed  mode  propagation 
(Appendix:  Section  2.3),  B  =  feed  section  of  nearly  undisturbed  mode 
propagation,  C  =  discontinuity  expansion  region  (Fig.  3.17). 


B  C 


I - ►  (y) 

Fig.  3.17:  Analysis  sections  of  open  end  configuration 

In  section  B,  the  current  distribution  is  described  by  expansion  functions 
generated  from  a  priori  computed  transmission  line  solutions.  Depending  on 
which  mode  amplitudes  have  to  be  de-embedded  from  the  numerical  analysis,  the 
precomputed  distributions  are  used  for  the  respective  modes.  For  other  modes 
(here  the  LSM^'  mode)  any  other  kind  of  representation  of  sufficiently 
complete  form  can  be  used.  Region  C  has  suitable  functions  describing  the 
open  end  disturbance,  while  region  A  is  used  to  establish  the  continuity  of 
the  source  distribution  into  the  microstrip  feed  section,  B. 
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Fig.  3.18:  Transverse  current  distribution:  precomputed  modal  form 


Fig.  3.19:  Transverse  current  distribution:  triangular  function  form 
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One  of  the  problems  of  de-embedding  correctly  is  the  fact  that  the  LSM^'  mode 
strip  current  is  usually  small  compared  to  the  microstrip  fundamental  mode 
current  if  the  package  dimensions  are  not  in  a  resonance  condition.  Never¬ 
theless,  to  de-embed  in  detail  the  LSM^'  mode  behaviour,  either  its  current 
distribution  has  to  be  taken  into  account  by  a  precomputed  expansion  (direct 
de-embedding)  or  in  a  general  but  sufficiently  complete  form  (indirect 
de-embedding),  deriving  the  model  parameters  from  the  microstrip  behaviour  as 
a  function  of  the  structural  data.  One  possible  representation  of  the  LSM^' 
current  is  shown  in  Fig.  3.18,  i.e.  the  precomputed  form.  Though  the 
transverse  distributions  of  the  LSM^ '  and  the  microstrip  fundamental  mode 
current  density  are  neary  equal,  with  respect  to  the  dependency  on  the 
co-ordinate  y  they  differ  considerably  due  to  the  fact  that  they  have 


different  guided  wavelengths  cu  .  and  ■  .  For  indirect 

LSMq  mi c  rostri p 

de-embedding,  a  general  (not  precomputed)  expansion  for  the  LSM^,  for  example 
in  the  form  of  triangle  functions  as  shown  in  Fig.  3.19,  is  a  second 


possibil i ty . 


3.5.2.  Study  of  microstri  p-LSM^,  mode  coupling  as  a  function  of  microstrip 
1 ength 

In  Figs.  3.20-22  the  reflection  coefficient  phase  for  an  open-end 
discontinuity  is  shown  for  three  different  microstrip  lengths,  b  (0.8  mm,  1.1 
mm,  1.3  mn) .  The  microstrip  width  was  0.1  mm,  substrate  thickness  0.1  tmi  and 
cover  height  0.5  mm.  The  package  width  was  3.1  nri  and  the  frequency  of 
analysis  80  GHz.  In  all  three  cases  the  resonance  behaviour  is  similar  in 
principle  depending  only  on  the  total  package  length.  If  the  overall  length 
of  the  package  is  coupling  between  microstrip  mode  and  LSM^  mode 
becomes  significant. 


The  length  of  the  applied  source  distribution  (region  A)  is  only  0.1  nm.  To 
be  sure  that  the  resonance  behaviour  is  effected  by  the  overall  package 
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Fig.  3.20:  Sll  for  open  end:  length  O.Spm 
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Fig.  3.21:  Sll  for  open  end:  length  Ll^m 
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Fig.  3.22:  Sll  for  open  end;  length 
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length  an  additional  investigation  was  done.  The  length  of  region  A  was 
changed  from  0.1  mm  to  0.7  mm  (plots  Figs.  3.23  and  3.24),  the  data  in  these 
figures  showing  that  the  package  length  is  indeed  the  key  factor  in  behaviour 
of  the  resonance,  where  the  resonant  length 


where  1^  is  the  source  length. 

The  two  curve  sets  in  Figs.  3.20-22  are  the  result  from  an  analysis  with  two 
different  source  types.  One  set  is  the  data  generated  with  a  microstrip 
source  (source  1),  the  other  is  data  for  a  LSM^  source  (source  2).  The 
results  which  are  nearly  equal,  indicate  the  stability  of  the  applied 
al gori thm. 

3.6.  IMPROVED  PHYSICS  RELATED  MODEL  STUDIES 

Since  the  de-embedding  approach  has  been  proved,  a  more  detailed  model  is 
therefore  required  with  microstrip/LSM^  coupling  at  the  open  end  and  at  the 
source.  This  is  based  on  the  fact  that  the  microstrip  mode  and  the  parasitic 
LSM^'  mode  are  mutually  orthogonal  across  any  microstrip  cross-section  and, 
accordingly,  should  couple  at  the  ends  where  the  feed  strip  terminates 
di sconti nuously . 

The  arguments  for  the  extended  model  concept  are  as  follows: 

•  On  the  microstrip  line  feed  section  the  microstrip  mode  and  the  LSM^' 
mode  propagate  independently  (mode  orthogonality).  There  is  no  direct 
coupling  between  the  modes.  The  amplitudes  of  the  modes  will  be 
determined  by  coupling  mechanisms  at  the  beginning  and  at  the  end  of 
the  microstrip  section. 
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•  At  the  microstrip  end,  the  fundamental  microstrip  mode  will  be 
reflected  and  only  a  small  portion  of  its  energy  will  be  transmitted 
into  the  LSM^  mode  (transformer  ratio  l:n). 

•  At  the  end  of  the  microstrip  only  a  small  portion  of  the  fundamental 
mode  energy  will  be  transferred  into  the  parasitic  LSM^'  mode.  Due  to 
the  close  similarity  between  the  fields  of  the  LSM^  mode  and  the  LSM^' 
mode,  it  is  therefore  reasonable  to  assume  a  transformer  ratio  of 
1:1. 

•  At  the  beginning  of  the  microstrip  line  feed  section  the  source 
excites  both  modes  in  parallel.  The  source  current  is  the  sum  of  the 
conductor  currents  of  the  microstrip  and  LSMq'  moo^ *  ^transformer 
rati  os  1 :m,  1 :m' . 


Various  equivalent  circuits  were  tested,  the  model  giving  the  best  fit  is 
shown  in  Fig.  3.25. 
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Fig.  3.25:  Enhanced  open  end  model 
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In  this  model  the  microstrip  mode  behaviour  was  found  to  be  well  described. 
A  new  model  feature,  a  LSM^  mode  line  section  length,  1^,  (length  of  region 
A)  has  been  introduced.  The  LSM^  mode  description  of  this  model  now  includes 
short  stubs  at  both  sides  of  the  microstrip  line  section.  This  inclusion  is 
necessary  in  order  to  represent  the  correct  resonance  dimensions  of  the 
package  even  for  different  lengths  1^  of  the  source  region.  In  Figs.  3.26-28 
the  results  of  fitting  this  model  to  the  numerically  generated  data  are 
plotted.  All  three  curves  have  been  generated  with  similar  model 
parameters: 

M  =  -1,  N  =  0.04,  1^  =  0.1  mm,  1^^^  =  b,  1,^  =  b  +  Al^. 

open  end  length  Al^:  0.031  mm  as  from  static  analytical  model;  and 

microstrip  characteristic  impedance,  ZL  =  80.8  ohms. 

As  can  be  seen,  the  new  model  gives  a  good  fit  to  the  microstrip  mode 
behaviour. 

From  theory,  the  coupling  between  microstrip  mode  and  LSM^  mode  is  expected 
to  be  small  except  for  package  dimensions  near  LSM^  mode  resonance.  These 
expectations  indeed  are  described  by  the  new  model.  The  transformer  ratio  N 
turns  out  to  be  small  (N  =  0.04  in  our  examples).  With  the  coupling  between 
microstrip  mode  and  LSM^  mode  being  small,  the  LSM^  mode  behaviour  is  mainly 
determined  by  the  electric  walls  of  the  package  with  no  significant  influence 
from  the  microstrip  mode  (except  resonance  cases).  This  expected  behaviour 
is  actually  represented  by  the  new  model  (linear  phase  shift  as  a  function  of 
parameter  d) .  In  contrast  to  this,  the  numerically  generated  LSM^  mode  data 
in  Fig.  3.28  shows  the  phase  of  the  reflection  coefficient  at  ports  (2)  and 
(2')  with  a  relatively  strong  resonance  contribution  from  the  microstrip 
mode.  However  as  can  be  seen  this  contribution  can  not  yet  fully  be  described 
by  the  new  model.  One  of  possible  reasons  for  this  discrepancy  may  be  that 
the  numerically  generated  LSM^  mode  behaviour  is  effected  by  coupling  to 
higher  package  modes. 
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Fig.  3.26;  Open  end  configuration  1:  Sll 
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Fig.  3.27;  Open  end  configuration  2;  Sll 


3.7. 


REFERENCES 


1.  Wheeler,  H.A.,  Transmission-line  properties  of  parallel  wide  strips  by 

a  conformal  mapping  approximation,  IEEE  Trans.  1964,  MTT-12, 

pp. 280-289. 

2.  Wheeler,  H.A.,  Transmission-line  properties  of  parallel  wide  strips 
separated  by  a  dielectric  sheet,  IEEE  Trans.  1965  MTT-13,  pp. 172-185. 


.44. 


4.  MICROSTRIP  AND  LSM^  MODE  CHARACTERISTIC  MODELLING  FORMULAE 

As  the  proposed  modelling  approach  relies  on  an  analytical  prediction  based 
on  a  physical  description,  it  requires  as  input  the  microstrip  and  LSM^  mode 
characteristics.  The  effective  dielectric  constant  and  the  characteristic 
impedance  of  microstrip  are  well-known  parameters.  Such  characteristics  have 
only  a  second  order  dependence  on  the  package  dimensions  for  walls  that  are 
not  extremely  close  to  the  strip.  For  the  derivation  of  the  LSMg  mode 
characteristics  waveguide  theory  is  used. 

4.1.  ANALYTIC  FORMULAE  FOR  THE  MICROSTRIP  MODE  CHARACTERISTICS 

In  the  discontinuity  models  the  characteristic  impedance  and  the  effective 
dielectric  constnt  of  microstrip  are  important  parameters.  As  such  analytic 
formulae  are  needed  which  must  be  dependent  on  strip  wioth,  the  substrate 
height,  the  package  height  and  frequency.  Formulae  for  the  characteristic 
impedance  and  effective  dielectric  constant  have  already  been  published 
(1,2).  These  formulae,  however,  are  not  dependent  upon  the  package  height. 
The  implementation  of  the  package  height  into  the  published  analytic  formulae 
can  be  achieved  by  the  introduction  of  correction  factors  f(w,f,h,H)  such 
that  the  strip  characteristic  impedance  and  the  effective  dielectric 
constant  are  expressed  by, 

Ggff,  Z|^(w,h,H,f)  =  Z|^  {w,h,f,)  *(l-f(w,f  ,h,H) , 
where  Z^  (w,h,f)  are  the  published  equations. 

The  influence  of  the  package  height  on  microstrip  transmission  line 
parameters  is  expected  to  be  a  second  order  effect  as  long  as  the  package 
height  is  much  larger  than  the  substrate  thickness,  also  applying  to 
discontinuities  enclosed  in  a  package  with  a  height  so  low  that  LSE  type 
modes  are  sufficiently  far  below  cutoff. 
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Geometry:  H=  .50mm,  h=  .3mm,  W"  .01mm, 


.02mm,  .0Smm, 


.1mm, 


.  2mm , 


f/GHz 


0.  10.  20.  30.  ■<0.  50.  60.  70.  80. 


Fig.  4.1:  Characteristic  impedance  and  effective  dielectric 
constant  errors  for  a  0.5  nm  cover  height 

Geometry:  H-1.00mm,  h-  .3mm.  W-  .01mm.  .02mm.  .05mm.  .1mm.  .2mm. 

f/GHz 


Fig.  4.2:  Characteristic  impedance  and  effective  dielectric 
constant  errors  for  a  1.0  mm  cover  height 
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As  a  first  step  a  data  base  of  characteristic  impedance  and  the  effective 
dielectric  constant  were  generated  by  the  field- theory  based  computer  program 
SFPMIC  for  the  following  ranges: 

Strip  width  w:  lOum,  20^lm,  BO^m,  100(im,  200^m 

Substrate  height  h:  lOOum,  200(im,  SOOum 
Cover  height  H:  25G^m,  500^Jn,  1mm,  2mm,  3mm,  4mm 

Frequency  f:  0.80  GHz  in  steps  of  5  GHz 

From  this  data  base  constant  correction  factors  f2|_  {w,f,h,H)  and  f^^^ 
(w,f,h,H)  were  computed.  Analytic  formulae  were  then  developed  to 

approximate  the  field- theory  based  correction  factors.  These  formulae  were 
tested  against  the  numerical  results  across  the  geometry  and  frequency 
ranges.  The  results  (Figs.  4.1  and  4.2)  show  the  frequency  and  microstrip 
width  dependency  of  these  analytic  correction  factors  for  fixed  substrate  and 
package  heights  in  comparison  to  the  field- theory  based  computations. 


The  basic  formulae  developed  describe  a  class  of  functions  of  shape; 
f7i  ’  *71  (1*  *  (1-  -5  arctan  *  (fhtfj 


P  A  w/h^pi  ,H/h^-p2  .  r.  Tt  ^  f*h-f,>2 

feff  =  "eff  — )  (ti->  *  (1-  Z  — rr^) 


The  analytic  formulae  for  the  strip  characteristics'  correction  factors  are 
after  fitting: 


Characteristic  impedance 


fzL  '  ''ZL  (1  "  *  fl-  7 


wi  th 


=  4.211  *  (l-0.0484*H/h) 1*215  *  ( lOh/nrn) °*®37 

f2  =  3.177  +  (5.881*h/H-2.068)  *  ( 10h/mni)-i^«5‘*9 
fg  =  4.255  *  (lOh/mm) °*S37 
p3  =  1.821  *  (l-1.18*h/mni) 

=  0.0005539  /  ({0.325*H/h)P^+  {0.21*h/H)P^) 
Wq  =  0.11,  pi  =  0.49,  Hq  =  0.102,  p2  =  1.823 

Effective  dielectric  constant 


'eeff  "  ^eeff 


(1 


w/h^pi 


(■ 


H/h^-p2 

TT”^ 


(1-  -5  arctan 


f/GHz*h/n»n-f  1  >,2 


wi  th 

f^  =  3.532  *  (l-0.0594*H/h)  *  (lOh/mm)  °* 

=  1.139  +  {4.839*h/H) 1*116 
p3  =  0.682  *  (1  +  4.337*h/mm) 
p4  =  {12,9+h/H)/(12.9+0,25*h/mm)  -  1 
A^eff=  0.269*  p4  /((2.209*H/h)P^  -*■  (0. 3247*h/H)P^ ) 

Wq  =  0.0711,  pi  =  0.450,  Hq  =  0.1,  p2  =  0.7684 

Fitting  these  formulae  to  the  full -wave  data  base  results  shows  that  the  mean 
deviation 


i  i  II- 


(W'ff ) 


^analytic 
data  base 


For  the  characteristic  impedance  analytic  formula  is  6%  and  for  the  effective 
dielectric  constant  is  3%.  The  error  is  about  1%  for  package  heights  of  Imm 
and  of  about  for  lower  package  heights. 
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4.2.  ANALYTICAL  FORMULAE  FOR  THE  LSM^  MODE  CHARACTERISTICS 

As  outlined  in  the  development  of  the  physics  related  modelling  approach,  the 
LSM  package  mode  is  represented  by  transmission  line  sections.  Analytical 
approximate  expressions  for  the  appropriate  transmission  characteristics  can 
be  derived  from  waveguide  theory. 

Simple  analytic  expressions  were  investigated  as  a  function  of  the  respective 
geometry  and  substrate  parameters,  including  the  package  dimensions  which 
have  an  important  influence  on  the  latter  mode.  Expressions  derived  for  the 
effective  dielectric  constant  of  the  LSM^  mode  and  its  characteristic 
impedance  are  given  below.  The  LSM^  mode  impedance  is  defined  as  U2/(2P) 
where  U  is  generated  by  integration  over  the  electric  field  in  the  symmetry 
plane  of  the  microstrip  from  the  ground  plane  to  the  cover  plane.  The 
equations  for  the  modal  effective  dielectric  constant  and  impedance  are: 

=  Staff'  - 

wi  th 


and 


(Zq  =  120tiQ,  Cg  =  2.9979  lO^  m/s) 

where  H  is  the  height  of  the  air  layer,  h  the  substrate  thickness  within  the 
box  and  is  the  box  width. 
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The  LSMq  mode  characteristics  derived  from  the  analytic  expressions  and 
fall -wave  hybrid  mode  analyses  for  three  different  geometry  configurations 
(variable  package  height  H)  over  the  frequency  range  50-80  GHz  are  shown 
below.  A  comparison  shows  that  the  analytic  formula  represent  the  actual 
LSMq  mode  behaviour  accurately. 
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where  EFc,  ZLc  are  numerical  hybrid 

mode  data 

for  the 

effective 

dielectri 

constant  and  characteristic  impedance  while  EFm,  ZLm  represent  the  analytic 
descriptions  derived  here. 
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5. 


CONCEPT  APPLICATION  AND  DEVELOPMENT  OF  DISCONTINUITY  EQUIVALENT 
CIRCUIT  MODELS  EXHIBITING  DYNAMIC  BEHAVIOUR 


5.1.  OPEN  END 

5.1.1.  An  Equivalent  Circuit  Model 

PreTiminary  studies  made  for  the  microstrip  open  end  model  in  Section  3.6, 
indicated  that  it  gave  the  type  of  dynamic  description  required  to  implement 
the  physics  related  modelling  approach.  This  circuit  model  has  been  found  to 
be  valid  if  the  fundamental  mode  and  the  LSM^^-mode  on  the  microstrip  and  the 
LSMq  package  mode  are  the  important  modes  present  in  the  circuit  environment. 


Ports  Ports 

©,(X)  (D.® 


Fig.  5.1:  Physics  related  equivalent  circuit  model  for  the  microstrip  open 
end  discontinuity 
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The  model  Fig.  5.1  consists  of  transmission  lines  for  the  microstrip  and 
package  modes.  The  lengths  of  these  transmission  lines  (l^,d)  are  directly 
either  related  to  the  given  structural  geometry  or  to  the  p.iysics  related 
dimensions: 


\SM  ~  ^  ^ 

where  dig  is  the  microstrip  open  end  length,  nearly  identical  to  that  value 
predicted  by  a  static  open  end  analytical  formula.  1^  is  the  source  and  the 
source  disturbed  propagation  region. 

The  transmission  line  parameters  of  the  LSMq  package  mode  are  expressed  by 
simple  analytical  formulae  defined  in  Section  4.2  with  the  LSM^'-mode 
characteristics  assumed  to  be  nearly  identical  to  those  of  the  LSM^-mode. 

In  the  model  the  serially  connected  transformers  describe  the  coupling 
between  the  microstrip  and  the  package  were  found  to  provide  the  best  fit 
results.  The  scattering  matrix  of  the  transformer  describing  the  coupling 
between  the  modes  nas  the  form 


0  s  s' 
s  0  t 
s'  t  0 


port  1  :  microstrip  mode 

port  2  :  LSMq  mode  (with  s,  s'  small  and  t  =  1) 

port  3  :  LSMq'  mode 


where  the  power  flow  from  the  LSMq  mode  into  the  LSMq'  mode  is  represented  by 
the  scattering  parameter  S23  =  S32  =  t,  the  microstrip  mode  being  loosely 
coupled  to  the  LSMq  and  the  LSMq'  modes  (S^2  ~  ^21  ~  ^13  “  ^31  ~ 
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This  scattering  matrix  can  be  approximated  by  a  3-port  including  a 
transformer  in  series  connection. 


In  this  transformer  coupling  situation,  the  variation  of  parameter  d  causes  a 
linear  decrease  of  the  phase  of  the  reflection  coefficient.  The  linear 
decrease  can  only  be  predicted  by  an  equivalent  circuit  model,  if  the 
transformers  are  connected  as  outlined  (see  the  reflection  coefficient  of  the 
LSMq'  mode  at  port  2  shown  in  Fig.  5.2  as  a  function  of  parameter  d  (package 
dimension),  the  length  1^+  1^^^^  being  equal  to  '/4),  where  the  predicted 
model  LSMg  and  LSMg'  mode  characteristic  impedances  are  given  by  Z  and  and 
the  source  length  1^  by  d^  in  the  caption. 


In  modelling,  the  transformer  ratio  can  be  determined  by  testing  the 
transverse  electric  field  of  the  LSMq/LSMq'  mode  with  the  electric  field  of 
the  microstrip  mode,  which  results  in  a  scalar  product  (integral)  that  can  be 
evaluated  approximately  by  simple  analytical  expressions. 


5.1.2.  Confirmation  of  the  Open  End  Model 

As  a  case  study  for  establishing  the  modelling  concept,  the  following 
microstrip  open  end  discontinuity  was  analysed  using  the  field  theory  based 
program  and  then  modelled.  The  geometric  structure  of  the  discontinuity 
analysed  was: 


Cj,  =  12.85,  w  =  lOOuni 

h  =  lOOpm,  H  =  500um 

=  3.1mm,  f  =  55GHz 

b  =  2.8mm,  2.7,  2.5  mm. 


.54. 


Die  reflection  coefficients  of  the  microstrip  mode  and  the  LSM^'  mode, 
extracted  at  port  1  and  port  2',  are  presented  on  Figs.  5.3-5  as  a  function 
of  parameter  d  (package  dimension).  The  numerically  generated  data  was 
fitted  using  the  equivalent  circuit  model.  Not  only  the  reflection 
coefficient  of  the  fundamental  microstrip  mode  but  also  the  reflection 
coefficient  of  the  LSMg'  mode  agrees  with  the  numerically  generated  data. 
The  given  equivalent  circuit  obviously  shows  a  good  physical  basis  for  a  new 
microstrip  open  end  model  which  includes  the  coupling  to  package  modes. 

As  well  as  a  study  of  the  open  end  model,  the  computed  and  predicted  LSMg 
mode  characteristics  were  investigated.  The  values  of  the  parameters  of  the 
equivalent  circuit  model  obtained  by  prediction  and  fitting  are  listed  in 
Table  1.  The  second  data  sets  of  Table  1  are  the  values  estimated  by  simple 
analytical  formulae  or  are  direct  geometry  related  values.  The  model 
transmission  line  parameters  i,  ,  1^,  d  and  b  are 

fixed  parameters. 


Tabl e  1 :  Parameter  values  of  the  equivalent  circuit  model  for  the  microstrip 
open  end  discontinuity 


b  =  2.8  mm 
fitted  predicted 

b  =  2.7 
f i tted 

mm 

predicted 

b  =  2. 5  mm 
fitted  predicted 

(static  microstrip 
open  end  length) 

0.0305 

0.0311 

0.0312 

0.0311 

0.0312 

0.0311 

-0.105 

0.0 

-0.051 

0.0 

-0.051 

0.0 

N 

0.126 

0.093 

0.133 

0.093 

0.142 

0.093 

M 

0.100 

0.093 

0.127 

0.093 

0.162 

0.093 

\  LSMg 

114.1 

114.1 

114.1 

114.1 

114.1 

114.1 

LSMn' 

86.8 

114.1 

99.3 

114.1 

94.7 

114.1 

.5 


Although  the  predictions  are  good,  there  is  still  some  uncertainty  in  the 
definition  of  characteristic  impedance  for  the  LSMg  mode  and  the  LSMg'  mode 
which  could  be  the  reason  for  the  slightly  higher  numerical  fitted  values  of 
the  transformer  ratios  M,N.  This  uncertainty  is  because  the  LSM^'-mode  is 
guided  partially  by  the  microstrip  metallisation,  the  characteristic 
impedance  of  this  mode  turns  out  to  be  lower  than  the  characteristic 
impedance  of  the  LSMg  mode.  This  difference  in  the  model  parameters  could  be 
a  reflection  on  the  de-embedding  method  used  to  extract  the  parameters  of  the 
equivalent  circuit  model  from  full  wave  numerical  data. 

5.2.  MICROSTRIP  GAP 

The  gap  structure  to  be  investigated  consists  of  two  microstrip  lines  and  a 
gap  with  two  current  sources  Ig^  and  Ig2  as  described  in  Fig.  5.6.  The 
structure  is  situated  in  a  package  of  width  w^,  height  h  +  H  and  total  length 
d,  where  h  is  the  GaAs  substrate  thickness. 


d  =  +  X2  +S+  2I5 


Fig.  5.6:  Microstrip  gap  discontinuity  with  microstrip  feed  lines  and  current 
sources. 
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5.2.1.  Comparison  of  the  Current  Static  Analytical  Model  with  Full-Wave 
Resul ts 


At  present  the  microstrip  gap  discontinuity  is  a  standard  library  component 
in  microwave  CAD  simulators  as  far  as  its  quasi-static  behaviour  is 
considered.  An  equivalent  circuit  with  three  capacitances  and  analytic 
formulae  for  the  description  of  these  capacitances  are  available  from  the 
literature  (1). 

In  a  preliminary  study  the  quasi-static  analysis  was  compared  with  full  wave 
generated  results  for  a  range  of  gap  widths. 

The  configurations  studied  had  the  following  geometric  parameters: 

h  =  lOO^xm,  H  =  500nm,  w  =  lOO^im,  =  3.1mm,  f  =  BSGHz,  =  1,  1^2  0. 
s  =  (1mm,  10^^im,  lOOum),  =  X2  =  (1.3mm  -  3.2mm). 

The  quasi -static  analysis  took  into  account  only  the  fundamental  modes  on  the 
microstrip  lines,  package  modes  being  neglected.  These  results  were  obtained 
applying  the  commercial  CAD  program  LINMIC+  (2).  For  the  full  wave  analysis 
the  package  dimensions  were  set  such  that  the  LSMg  package  mode  is  above 
cut-off  at  the  operating  frequency  of  55  GHz.  Reflection  coefficients 
phases,  pi  and’p2,  of  the  fundamental  modes  on  the  microstrip  lines  1  and  2 
were  analysed  with  the  reference  planes  defined  at  the  ends  of  the  microstrip 
lines.  The  results  obtained  were  for  gap  values  lOOpm  (Fig.  5.7),  200um 
(Fig.  5.8)  and  1  mm  (Fig.  5.9). 

The  lOOpm  gap  results  (Fig.  5.7)  reveals  that  there  is  still  some  correlation 
between  the  quasi-static  simulation  (using  an  analytical  LINMIC+  model)  and 
the  full -wave  results  including  package  effects.  The  reason  for  this  is  that 
the  gap  behaviour  is  mainly  determined  by  the  quasi-static  capacitive 
coupling  effect  between  the  open  microstrip  ends.  Nevertheless  there  is 
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already  a  significant  difference  between  the  conventional  CAD  circuit 
analysis  and  the  numerical  analysis  which  takes  the  package  coupling  mode 
into  account.  The  situation  is  similar  for  the  200^m  gap  (Fig.  5.8). 
However,  in  this  c'^se  the  dominance  of  the  quasi-static  coupling  is  reduced 
and  the  discrepancy  with  the  full  wave  results  increases.  The  linear/ 
constant  phases  (LINMIC+)  shown  in  Fig.  5.8  essentially  represent  the  end 
effects  of  the  two  open  ended  microstrips  in  the  considered  configuration. 
In  contrast  to  this,  the  full-wave  package  mode  effects  show  a  more  complica¬ 
ted  behaviour.  Note,  however,  that  the  discrepancy  for  the  values  obtained 
for  the  phase  of  pi,  the  reflection  coefficient  on  the  excited  strip,  is  not 
very  large,  arg(rhol)  being  approximately  -12  degrees. 

The  analysis  results  for  a  gap  width  1.0  mm  are  given  in  Fig.  5.9.  In  this 
example  the  distance  between  the  microstrip  lines  is  now  large  compared  to 
the  strip  width  of  lOO^m  and  the  substrate  height  of  ICOpm.  Therefore  the 
microstrip  lines  are  nearly  uncoupled  capacitively  for  the  fundamental  micro¬ 
strip  modes.  The  conventional  package  analysis  shows  a  reflection 
coefficient  on  strip  1  identical  to  the  reflection  coefficient  of  the 
microstrip  open  end  discontinuity.  If  the  full  wave  results  are  considered, 
the  behaviour  of  the  gap  discontinuity  is  quite  different  due  to  interaction 
with  package  modes/ resonances.  The  fundamental  modes  of  both  microstrip 
lines  are  coupled  to  the  package  modes  and  by  this  coupling  effect  both 
microstrip  lines  are  dynamically  coupled  in  an  indirect  way.  The  LSMq  and 
LSMq'  package  modes  are  above  cut-off  and  therefore  the  large  distance 
between  the  microstrip  lines  (s  =  1.0  mm)  does  not  prevent  coupling.  The 
reflection  coefficient  of  strip  1  depends  on  the  length  of  strip  2  and  shows 
a  behaviour  different  from  the  results  of  the  quasi-static  CAD  analysis. 

5.2.2.  An  Equivalent  Circuit  Model 

Having  substantiated  in  some  detail  the  modelling  approach  for  the  open  end, 
the  concept  has  been  applied  in  deriving  an  enhanced  (dynamic)  gap  model.  An 
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equivalent  circuit  for  an  improved  description  of  the  microstrip  gap 
discontinuity  is  shown  in  Fig.  5.10. 
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Fig.  5.10:  Equivalent  circuit  for  the  microstrip  gap  discontinuity  including 
dynamic  parasitic  effects 


The  equivalent  circuit  of  Fig.  5.10  contains  the  same  circuit  elements  as  the 
open  end  equivalent  circuit.  The  package  mode  is  descibed  by  LSMg  and  LSMq' 
modes  which  are  dependent  on  the  presence  of  the  microstrip  metallisation. 
At  the  ends  of  the  microstrip  lines  and  also  at  the  sources  at  the  beginning 
of  the  microstrip  lines,  transformers  describe  the  coupling  to  the  package 
modes.  The  effective  dielectric  constants,  the  strip  characteristic 
impedances  of  the  fundamental  modes  (strip  1  and  strip  2  can  have  different 
strip  widths)  and  the  effective  dielectric  constants  of  the  package  modes 
(LSMq,  LSMg')  are  as  obtained  from  a  full  wave  analysis  or  from  equivalent 
analytical  expressions.  The  strip  characteristic  impedance  of  the  LSMq  mode 
has  been  determined  by  the  analytic  formula  described  in  Section  4.  The 
characteristic  impedances  of  the  LSMq'  modes  have  been  determined  from  the 
characteristic  impedance  of  the  LSMq  mode  multiplied  by  a  correction  factor 
not  much  different  from  1.  Assuming  a  symmetric  gap  between  equal  width  feed 
strips,  the  capacitances  C'^  =  C'2  and  C'3  from  the  standard  microstrip  gap 
equivalent  circuit  are  modified  by  suitable  correction  factors.  These 
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factors  again  do  not  differ  much  from  the  numerical  value  of  1  and  have  been 
added  to  make  the  original  quasi -static  expressions  more  adjustable  to  the 
dynamic  case. 


The  mathematical  form  in  which  the  correction  factors  and  F^^  are 

applied  is: 


Z|_(LSMo' ) 


=  ZJLSMq)  *  f^l 


*  F 

*  F 


Cl 

C3 


These  three  correction  factors  and  the  four  transfomer  ratios  N2,  Mj 
can  be  determined  by  curve  fitting  techniques,  i.e.  by  optimising  the 
equivalent  dynamic  circuit  model  to  the  available  full -wave  numerical 
resul ts. 


5.2.3.  Preliminary  Studies 


Three  microstrip  circuits  containing  a  gap  discontinuity  and  two  microstrip 
feed  lines  each,  were  analysed  as  a  function  of  total  package  length  using 
the  field-theory  based  computer  program.  The  quasi -static  circuit  analysis 
neglecting  coupling  between  the  fundamental  microstrip  modes  and  the  package 
modes  gives  results  disagreeing  with  the  field- theory  based  analysis. 
However  the  improved  circuit  description  is  capable  of  fitting  the  full  wave 
generated  data.  The  reference  planes  for  the  reflection  coefficients  of  the 
fundamental  microstrip  modes  on  both  feed  lines  are  set  to  the  ends  of  the 
microstrip  lines.  The  reflection  coefficients  were  determined  as  a  function 
of  the  length  d  of  the  package;  the  transformer  ratios  N^,  Nj,  M^,  Mj  and  the 
correction  factors  F^j^,  F^^  and  F^^  fitting  the  reflection  coefficients, 
calculated  by  the  equivalent  circuit  description  to  the  field-theory  based 
data.  Both  wide  and  narrow  gaps  examples  were  studied. 


.64. 


3.2  3.8 


d/mm 

5.2  5.8  8.0  8.4 


The  reflection  coefficients  shown  in  Fig.  5.11  describe  the  same 
configuration  as  discussed  in  section  5.2.1  (Fig.  5.9)  but  for  a  wide  gap 
width.  The  gap  width  is  1.0  mm,  much  larger  than  the  strip  width  of  100|im. 
The  correction  factors  F^^  and  Fj.^  have  been  set  equal  to  1.  Again  Z  and 
in  the  caption  are  the  LSMq  and  LSMq'  mode  characteristic  impedances. 

The  dynamic  capacitance  of  the  new  circuit  model  is  found  to  be  about  5% 
smaller  than  the  value  of  the  quasi -static  gap  equivalent  circuit  model  used 
(Fj.^  =  0.9487).  This  may  partially  be  due  to  the  prevailing  numerical 
accuracy  (number  of  expansion  functions,  spectral  density)  in  the  field 
theory  based  analysis.  The  transformer  ratios  N  =  =  N2  and  M  =  =  M2 

are  nearly  identical  (N  =  -0.21,  M  =  0.21),  where  the  negative  sign  of  the 
transformer  ratio  N  results  from  the  way  in  which  the  transformer  windings 
are  connected  to  the  circuit. 

In  Fig.  5.12  the  results  of  the  analysis  with  a  smaller  gap  width  of  s  = 
lOOum  are  shown.  In  this  example  the  reflection  coefficients  on  strip  1  and 
strip  2  are  well  described. 

5.3.  MICROSTRIP  STEP 

The  microstrip  structure  to  be  modelled  contains  a  microstrip  step 
discontinuity  with  additional  feed  lines  and  two  current  sources  1q^  and  1^J2. 
The  structure  is  shown  in  Fig.  5,13  situated  in  a  package  of  width  w^,  height 
h+H,  where  h  is  the  GaAs  substrate  thickness  and  box  length  d. 
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Fig.  5.13:  Microstrip  step  discontinuity  with  microstrip  feel  lines  and 
current  sources 


A  common  quasi-static  equivalent  circuit  for  the  microstrip  step 
discontinui ty  contains  two  serial  inductances  and  a  parallel  capacitance  to 
ground.  For  a  comparison  between  a  quasi-static  analysis  and  full  wave 
analysis,  the  program  LINMIC+  was  used  to  perform  the  former. 

The  field-theory  based  computations  were  carried  out  on  the  structure  of  Fig. 
5.13.  The  structure  was  investigated  first  in  a  state  of  excitation  with  1^2 
=  0,  using  the  following  geometric  configurations: 

h  =  lOOum,  H  =  200um,  w^  =  60^Lm,  W2  =  lOOum,  =2.1  mm,  f  =  70  GHz 
^01  ~  ^02  =  ”  ^2  "  ™'- 

With  the  package  dimensions  chosen  such  that  the  LSM^  mode  is  above  cut-off 
at  the  frequency  of  70  GHz.  The  reference  planes  are  at  the  ends  of  the 
microstrip  lines  (at  the  step  plane)  where  the  strip  width  decreases  from 
lOOpm  to  60um. 
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The  comparison  (Fig.  5.14)  shows  the  phase  of  the  reflection  coefficients 
and  P2  of  the  fundamental  modes  on  the  microstrip  lines  1  and  2.  The 
quasi -static  analysis  shown  takes  into  account  only  the  fundamental  modes  on 
the  microstrip  lines,  whereas  the  full  wave  analysis  includes  the  coupling 
between  these  fundamental  modes  and  the  dominant  parasitic  package  modes. 

The  electrical  behaviour  of  the  structure  in  Fig.  5.13  reflects  the  presence 
of  the  open  ended  microstrip  line  2  (current  source  Iq2  ""  the  reflection 
coefficients  pi  and  p2  showing  the  typical  behaviour  of  linear  phase 
increase.  The  negative  phase  of  the  reflection  coefficient  pi  is  plotted  in 
Fig.  5.14.  The  full-wave  results  show  a  resonance  behaviour  for  both  of  the 
reflection  coefficients  for  a  total  box  length  of  about  3.3  mm.  These 
resonances  cannot  be  described  by  the  standard  quasi-static  approach. 

5.3.2.  An  Equivalent  Circuit  Model 

An  equivalent  circuit  model  for  the  microstrip  step  discontinuity  can  be 
derived  from  the  gap  equivalent  circuit  model  in  a  straight  forward  manner. 
The  three  capacitor  quasi -static  gap  model  is  replaced  by  a  commonly  used 
step  model  containing  two  serial  inductances  and  a  parallel  capacitance  to 
ground.  The  microstrip  gap  length,  s  has  to  be  reduced  to  zero  for  the  step 
model.  The  respective  LSMg  mode  transmission  line  in  the  gap  equivalent 
circuit  model  has  to  be  neglected  for  the  step.  Taking  all  these  features 
into  account  the  equivalent  circuit  in  Fig.  5.15  results. 
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Fig.  5.15;  Equivalent  circuit  for  the  microstrip  step  discontinuity  inclu¬ 
ding  dynamic  parasitic  effects. 

This  dynamic  microstrip  step  model  contains  two  feed  lines  with  different 
characteristic  transmission  line  data  (different  strip  widths)  for  the 
fundamental  modes  and  for  the  LSMq'  package  modes.  The  coupling  between  the 
fundamental  modes  and  the  LSMq'  modes  is  described  by  four  transfonners 
^2,  M2.  As  for  the  dynamic  gap  modelling,  the  effective  dielectric 

constants  of  the  modes  are  taken  from  the  field- theory  based  data  generation. 
The  LSMq  mode  characteristic  impedance  is  determined  by  the  analytical 
formula  in  Section  4.2.  In  the  studies  the  LSMq'  mode  characteristic 
impedances  are  calculated  from  this  LSMq  impedance  by  multiplication  with 
correction  factors  not  much  different  from  1.  The  admittance  matrix  of  the 
quasi-static  step  model  is  also  modified  by  suitable  correction  factors 
(for  and  Y22)  and  F^^  ^12  ^21^* 
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Fig.  5.16:  Improved  step  model  Sll  and  S22 
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5.3.3.  Preliminary  Studies 


The  microstrip  structure  was  simulated  using  the  improved  dynamic  step  model 
of  Fig.  5.15.  These  results  together  with  full -wave  results  are  shown  in 
Fig.  5.16.  The  equivalent  circuit  elements  have  been  predicted  by  simple 
expressions  as  outlined  from  box  dimensions,  pre-calcul ated  transmission  line 
data  and  correction  factors  equal  to  1.  The  transformer  ratios  were 
predicted  from  the  previously  given  analytic  formula  Section  3.3.  The  LSM^' 
mode  characteristic  impedances  (Z^  and  for  the  different  width  feedstrips 
were  approximated  to  that  of  the  LSM^  package  mode.  No  curve  fitting  was 
applied  to  modify  the  predicted  equivalent  circuit  elements.  The  enhanced 
equivalent  circuit  was  able  to  predict  the  circuit  behaviour  including  the 
effects  of  parasitic  package  modes.  The  resonance  length  of  the  box  is  well 
predicted. 

5.4.  90°  BEND 

The  microstrip  bend  structure  to  be  modelled  (Fig.  5.17)  is  situated  on  GaAs 
within  a  package.  The  package  dimensions  are  width  w^,  height  h+H  and  a 
total  box  length  d  +  1^  +  x^  + 


's  d 

h - i 


Fig.  5.17;  Microstrip  90°  bend  discontinuity  with  microstrip  feed  lines  and 
current  sources 
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5.4.1.  A  Dynamic  90°  Bend  Model 


A  complication  for  the  bend  model,  which  does  not  occur  in  the  open  end,  gap 
and  step  models  is  that  there  are  two  directions  of  propagation  involved  for 
both  the  fundamental  microstrip  modes  and  the  parasitic  LSMq  modes.  In  the 
model  these  are  considered  as  two  separate  parasitic  transmission  line 
structures  being  correlated  only  by  their  dependence  on  the  same  package 
dimensions . 

Applying  physics  related  modelling  to  the  microstrip  bend  discontinuity 
results  in  a  preliminary  equivalent  circuit  model.  The  equivalent  circuit 
model  consists  of  two  microstrip  feed  lines  of  lengths  and  X2,  two  current 
sources  and  Iq2  and  a  quasi-static  equivalent  circuit  model  for  the 

90°-bend.  The  quasi -static  equivalent  circuit  model  for  the  90°-bend 

consists  of  two  lumped  inductances  and  a  capacitance  to  ground  as  shown  in 
Fig.  5.18. 


'>s  K-  —  ‘^r'^srrl  ^ 


Fig.  5.18:  A  preliminary  dynamic  equivalent  circuit  model  for  the  microstrip 
90‘’-bend  discontinuity 


In  the  model  and  <^2  LSMq  transmission  line  lengths  given  by  =  d  and 
67  =  '^5*'^  s’  '^l  sml  '^lsm2  additional  line  lengths  for  tuning  the 
dynamic  equivalent  circuit  model,  being  added  to  the  physical  line  lengths  d^ 
and  62  of  the  LSMQ-mode  transmission  lines. 

To  take  dynamic  effects  into  account,  the  coupling  between  the  microstrip 
modes  and  the  package  modes  is  included  in  the  model.  Tlie  parasitic  effects 
of  the  bend  are  described  by  two  LSMq/LSMq' -modes  coupled  to  the  microstrip 
modes  by  lumped  transformers  N2,  and  M2. 

5.4.2.  Study  of  the  Dynamic  Model 

The  microstrip  structure  was  studied  using  the  field-theory  based  computer 
program,  a  quasi -static  analysis  (running  the  CAD  package  LINMIC+  in  the 
quasi-static  mode  of  operation)  and  using  the  dynamic  equivalent  circuit 
model  presented  in  Fig.  5.18. 

The  geometric  parameter  values  with  Iq2  =  0  for  investigation  convenience  are 
described  below. 

h  =  lOOum,  H  =  200^m,  w^  =  lOOum,  ^2  ~  lOOum,  w^  =  1.9  tnm 

f  =  80  GHz,  Igj  =  1,  Iq2  =  0,  Ig  =  100^im,  =  0.75  mn,  X2  =  0.95  nm,  d  = 

0.9  mm  -  2.1  mm.  « 

The  characteristic  impedance  for  the  LSMq  modes  are  precalculated  by  an 

analytic  formula  (Section  4.).  Fzl  and  Fz2  are  correction  factors  that  have 
been  used  to  modify  the  LSMg-mode  characteristic  impedances  to  get  the 
LSMg'-mode  characteristic  impedances. 

The  results  giving  the  reflection  coefficients  pi  and  p2  on  the  microstrip 

lines  the  reference  planes  RPl  and  RP2  are  plotted  in  Fig.  5.19  as  a 
function  of  d.  The  figure  shows  good  agreement  between  the  field-theory  based 
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Fig.  5,20:  Sll  and  S22  of  90°  bend  model  with  increasing  package  length 


data  and  the  reflection  coefficients  generated  for  the  dynamic  circuit 
model . 

The  element  values  of  the  equivalent  circuit  model  are  given  in  the  heading 
of  the  figure.  In  this  study  The  values  FMl,  FM2,  FNl  and  FN2  are  the 
correction  factors  with  which  the  precalculated  transformer  ratios  have  been 
multiplied  to  obtain  the  transformer  ratios  applied  in  the  equivalent  circuit 

model  (Ml  =  •^^l*^lprecalcul  ated^  *  correction  factors  for 

the  admittance  matrix  elements  of  the  quasi-static  bend  model. 

The  field-theory  based  reflection  coefficients  show  a  constant  phase 
difference  between  the  quasi-static  and  the  dynamic  equivalent  circuit  model 
results  of  about  10“  for  nearly  all  package  widths  d.  This  indicates  that  an 
additional  equivalent  circuit  element  must  be  introduced.  The  microstrip 
circuit  of  Fig.  5.17  contains  two  current  sources  Iq^  and  Iq2.  If  one  of 
these  current  sources  is  set  to  zero  the  microstrip  line  appears  terminated 
with  an  open  end.  Therefore,  the  quasi-static  equivalent  circuit  model  for 
an  open  microstrip  end  has  to  be  introduced  into  the  dynamic  microstrip  bend 
model  of  Fig.  5.18. 

A  second  microstrip  configuration  was  also  investigated  as  a  function  of  d. 
This  configuration  is  nearly  identical  to  the  circuit  example  described 
above.  The  difference  is  that  the  lengths  d^  =  d  and  62  = 
been  increased  simultaneously.  The  results  (Fig.  5.20)  show  that  the 
resonance  dimensions  derived  by  the  field-theory  based  calculations  can  be 
predicted  by  the  dynamic  equivalent  circuit  model.  However,  there  is  still  a 
significant  quantitative  difference  between  the  full -wave  numerical  results 
and  the  data  generated  by  the  equivalent  circuit  model. 
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The  box  dimensions  d  =  1.3  mti  and  d  =  2.6  mm  are  resonance  dimensions  for  the 
reflection  coefficients  pi  and  p2  at  the  reference  planes  RPl  and  RP2.  The 
full  wave  data  show  resonance  behaviour  for  both  reflection  coefficients. 
The  equivalent  circuit  model  predicts  only  the  resonant  behaviour  for  the 
reflection  coefficient  pi  of  strip  1.  It  seems  that  the  reason  for  these 
discrepancies  is  due  to  20  parasitic  coupling  mechanisms  prevailing  in  the 
bencf  structure  in  contrast  to  the  10  LSMq/LSMq'  mode  propagation  valid  for 
the  previously  discussed  models.  A  modification  of  the  dynamic  equivalent 
circuit  model  appears  necessary. 

5.4.3.  Oiscussion  on  Mode  Coupling  in  the  Bend  Model 

For  the  microstrip  open  end,  the  microstrip  gap  and  the  microstrip  step,  the 
dynamic  coupling  effects  of  these  discontinuities  have  been  described 
successfully  by  dynamic  equivalent  circuit  models  which  contain  in  addition 
to  the  quasi-static  description,  parasitic  LSMq/LSMq' -mode  transmission 
lines.  The  field  distribution  of  the  dominant  package  mode  is  described  by  a 
chain  connection  of  these  LSMq/LSMq' -mode  lines.  In  contrast  to  this  the 
dynamic  equivalent  circuit  model  for  the  microstrip  90°-bend  contains  two 
sets  of  LSMq/LSMq '-mode  transmission  lines  (subscripts  1  and  2). 

This  equivalent  circuit  model  is  formulated  with  two  package  modes  operating 
independently.  The  LSMq^/LSMq'^  and  the  LSMq2/LSMq'2  modes  are  reasonable 
approximations  of  the  field  distribution  of  the  package  mode.  However,  both 
mode  sets  have  to  describe  the  same  field  distribution  since  there  is  only 
one  unique  physical  field  distribution  in  a  given  configuration.  In  reality 
the  microstrip  modes  are  physically  coupled  to  one  common  set  of  package 
modes,  while  the  description  of  this  common  field  distribution  can  be 
achieved  in  different  ways.  Thus  an  equivalent  circuit  model  with  two 
independent  descriptions  (except  for  the  dependency  on  the  same  dimensions) 
of  the  package  mode  cannot  describe  the  dynamic  coupling  effects  accurately. 
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5.4.4.  An  Alternative  Equivalent  Circuit  Model 

Fig.  5.21  shows  an  alternative  equivalent  circuit  model  for  the  microstrip 
90°-bend  which  takes  the  mentioned  coupling  into  account.  It  contains  the 
same  circuit  elements  as  the  preliminary  equivalent  circuit  model  with  the 
package  effects  being  described  by  two  LSMq/LSMq'  package  modes 
(LSMqi/LSMq^' ,  LSM02/LSM02' )  and  both  modes  being  coupled  to  the  fundamental 
microstrip  modes  by  transformers.  The  transformers  and  N2  are  connected 
parallel  to  the  centre  of  the  microstrip  bend.  Due  to  this  parallel 
connection  the  reflection  coefficient  phases  of  the  fundamental  microstrip 
modes  at  reference  planes  RPl  and  RP2  are  expected  to  show  similar  resonance 
behaviour. 


Fig.  5.21:  An  alternative  equivalent  circuit  model  for  the  microstrip  90°- 
bend 


.78. 


FMl  I  FM2  I  FNl  |  FNE  |  Fyl  |  Fy2  |  Fz  1  |  Fz2  |  d  I  sinl  |  d  1  smZ  j 

-1.79  -1.79  1.79  1.79  1.39  .47  1.31  1.31  .002  .073 

d/mm 


.8  1.0  1.2  1.4  1.6  1.9  2.0  2.2  2.4  2.6  2.8 


NEH  MODO-  _  SFPMIC  _  _  .....y.NM.I.Ct.... 

Fig.  5.22:  Alternative  90®  bend  model  Sll  and  S22 


FNl 

1 

1  fni 

1  1  Fyl  1 

ry2  1 

Fzl  1 

Fz2 

jdlsml |dlsm2| 

-.50  -.50 

1.00 

1.00  1.30 

1.80 

1.00 

d/mm 

1.00 

.000  -.070 

1.0 

1.2  1 

,  .4  1 

.6  1.8  2.0 

2.2 

2.4 

2.G 

2.8 

«rg(rh«l  1 

150. 

- 1 

1 

! 

_ 1 

»rg(^he2) 

150. 

100. 

1 

» 

1 

■ 

100. 

50. 

! 

1 

1 

i'] 

i 

\ 

■ 

1 

1 

1 

50. 

0. 

-50. 

— 

t 

i  1 

\ 

\  i 

1 

1  1 

i 

1 

1 

0. 

— 

C 

i 

1 

1 

1 

1 

1 _ j 

-50. 

-100. 

1 

r 

:  J 

i 

j 

!  i 

1 

:  .  J 

1 

-  -100. 

-150. 

'  '  1 

/ ' 

-  -iSfl 

- : 

-200. 

P 

i 

_ 1 

I  i  ! 

-! _ j 

1  ! 

1  1 

_ 1 _ _ ^ - 1 

1 _ 

-  -200. 

NEH  MODEL  _  ^_PMIC  _  _  . L.INM.I.Ct. 


Fig.  5.23:  Alternative  90®  bend  model  Sll  and  S22 
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In  the  previously  equivalent  circuit  model  the  circuit  elements  L  and  C 
describe  the  quasi-static  behaviour  of  the  90°-bend.  In  the  above  equivalent 
circuit  these  elements  have  been  replaced  by  two  T  equivalent  circuits 
(elements  L'  and  C')  which  when  connected  in  series  describe  the  quasi-static 
behaviour  of  the  90°-bend.  As  an  approximation,  the  elements  L'  and  C  are 
related  to  L  and  C  by 

L'  =  L  C  =  0.5C 

The  two  studies  of  Section  5,4.2.  were  redone  for  the  alternative  circuit 
model . 

Figs.  5.22  and  5.23  show  for  the  respective  studies  the  reflection 
coefficient  phases  pi  and  p2  on  the  microstrip  lines  at  the  reference  planes 
RPl  and  RP2.  Fig.  5.22  now  shows  good  agreement  between  the  field- theory 
based  data  and  the  reflection  coefficients  generated  for  the  dynamic 
equivalent  circuit  model.  Fig.  5.23  however  again  shows  that  the  resonance 
behaviour  for  the  box  dimension  d  =  1.3  mm  is  not  represented  by  the 
equivalent  circuit  model.  This  indicates  that  the  preliminary  circuit  models 
with  two  independent  modes  for  the  description  of  the  package  effects  has  a 
fundamental  deficiency.  The  bidirectional,  common  excitation  of  the 
parasitic  package  fields  still  requires  further  study. 

5.5.  MICROSTRIP  T-JUNCTION 

5.5.1.  Preliminary  Equivalent  Circuit  Model 

The  microstrip  T-junction  in  a  package  (Fig.  5.24)  consists  of  3  microstrip 
lines  of  length  xl ,  x2,  x3,  three  current  sources  and  the  T-junction.  The 
discontinuity  considered  is  deposited  on  GaAs  in  a  package  of  width  w^ , 
height  h  +  H  and  a  total  box  width  d  +  1^  +  Xg  +  VI2- 
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Fig*  5.24:  Microstrip  T-junction  discontinuity  with  microstrip  feed  lines  and 
current  sources 

The  physics  modelling  approach,  applied  to  the  microstrip  90°-bend 
discontinuity,  was  extended  to  the  T-junction  discontinuity,  the  equivalent 
circuit  model  of  Fig.  5.25  taking  dynamic  coupling  effects  into  account. 


Fig.  5.25:  A  preliminary  dynamic  equivalent  circuit  model  for  the  microstrip 
T-junction  discontinuity 
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The  equivalent  circuit  consists  of  three  microstrip  feed  lines  of  lengths 
X|,  X2  and  X3,  three  current  sources  Iqi,  I02  ^03  ^  quasi-static 

description  for  the  T-junction  discontinuity.  The  quasi-static  equivalent 
circuit  model  for  the  T-junction  discontinuity  has  been  extracted  from  the 
CAD  program  LINMIC+  and  is  represented  by  the  T  type  black  box  in  Fig.  5.25. 
The  dynamic  effects  are  included,  by  describing  the  coupling  of  microstrip 
modes  and  package  modes  with  lumped  transformers.  As  in  the  dynamic  gap, 
step  and  bend  modelling,  the  mode  effective  dielectric  constants  and  the 
characteristic  impedances  were  taken  from  the  numerically  generated 

field-theory  based  data  set. 

As  has  been  stated  for  the  90°  bend  model  investigation,  a  complication  is 
that  there  are  two  directions  of  propagation  for  the  fundamental  microstrip 
modes  and  the  LSMq/LSMq'  package  modes.  This  is  also  true  for  the 

T-junction.  Until  now  these  modes  have  been  considered  by  two  separate 
parasitic  transmission  line  structures.  In  reality  however,  they  are 
cori-elated  by  their  dependence  on  the  package  dimensions.  Their  correlated 
influence  on  the  reflection  coefficient  of  the  fundamental  microstrip  modes 
can  be  enforced  to  some  degree  in  the  model  by  a  parallel  connection  of 
transformers . 

5.5.2.  Study  of  the  Dynamic  Model 

The  T-junction  structure  was  analysed  using  the  field-theory  based  computer 
program,  a  quasi-static  analysis  (using  the  CAD  package  LINMIC+)  and  the 
dynamic  equivalent  circuit  model. 

The  structure  under  investigation  was  described  by  the  parameters  given  below 
with  I02  0  ("O'"  convenience: 

GaAs:  h  =  lOOum,  H  =  200mn,  w^  =  lOOum,  W2  =  lOOum,  W3  =  lOO^m 
f  =  80  GHz,  1^  =  100 urn,  x^  =  X2  =  Xj  =  0.9  mm,  d  =  0.7  mm  -  2. 9  mm 
(va’^iabl  e) . 
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As  in  the  bend  model,  an  additional  line  length  d-i  ^^2  tuning  the  dynamic 
equivalent  circuit  model  was  added  to  the  physical  line  length  d  of  the 
LSMy3-mode  transmission  line. 

In  the  following  plot  headings  are  the  element  values  of  the  equivalent 
circuit  model  and  the  values,  FMl,  FM3,  FNl  and  FN2  which  are  the  correction 
factors  by  which  the  precalculated  transformer  ratios  have  been  multiplied  to 
get  '  the  transformer  ratios  shown  in  the  equivalent  circuit  model  (Ml  = 

.  Fyl  and  Fy2  are  the  correction  factors  for  the  admit¬ 
tance  matrix  elements  of  the  quasi-static  T-junction  model.  The  characteri¬ 
stic  impedance  for  the  LSMq  modes  is  precalculated  by  an  analytic  formula  as 
given  in  Section  4.  Fzl  and  Fz2  are  correction  factors  that  have  been  used 
to  modify  the  LSMq '-mode  characteristic  impedances. 

The  results  (Fig.  5.26)  show  the  phases  of  the  reflection  coefficients  pi  and 
p2  on  the  microstrip  lines  at  the  reference  planes  RPl  and  RP2.  The 
resonance  behaviour  of  the  reflection  coefficient  p2  at  d  =  1.8  mm  is  well 
predicted  by  the  equivalent  circuit  model.  Furthermore  there  are  additional 
resonances  at  d  =  0.8  mm,  d  =  1.5  m  and  d  =  2.7  mm.  These  resonances  are 
not  predicted  by  the  curve  generated  from  the  equivalent  circuit  model.  The 
reflection  coefficient  of  the  microstrip  mode  at  reference  plane  RPl  shows  a 
double  resonance  at  d  =  0.9  mm  and  a  weak  resonance  behaviour  at  d  =  1.9  mm. 
This  small  resonance  effect  and  even  the  one  of  the  two  double  resonances  at 
d  =  0.9  mm  can  be  predicted  by  the  dynamic  circuit  model.  Nevertheless  there 
is  still  a  significant  quantitative  deviation  between  the  full -wave  results 
and  the  data  obtained  from  the  equivalent  circuit  model. 

One  reason  for  the  considerable  deviation  between  the  full -wave  results  and 
the  equivalent  circuit  data  may  be  that  the  package  height  is  very  small  (h  + 
H  =0.3  mm).  A  small  package  height  was  chosen  mainly  to  reduce  computer 
time  for  generating  the  full -wave  results.  However  the  quasi-static 
equivalent  circuit  models  used  as  part  of  the  dynamic  circuit  models,  work 
well  for  packages  with  infinite  or  large  package  heights.  The  ratio  h/H  = 
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0.5  as  applied  in  the  investigation  is  very  small.  It  can  be  assumed  that  in 
these  cases  the  static  behaviour  of  the  structures  under  investigation  can 
not  be  described  accurately  by  the  quasi -static  circuit  models. 

Nevertheless  there  is  still  the  problem  of  the  unexplained  additional 
resonances.  As  discussed  the  description  of  the  package  mode  by  two  separate 
LSMq/LSMq'  modes  may  be  one  of  the  major  disadvantages  of  the  presented 
dynamic  equivalent  circuit  model. 
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6.  STUDY  OF  BIDIRECTIONAL  MODAL  EFFECTS  AND  THE  DEVELOPMENT  OF  A 
CIRCUIT  DESCRIPTION 

6.1.  DISCUSSION  ON  THE  CURRENT  EQUIVALENT  CIRCUIT  MODELS 

At  present  in  the  microstrip  open  end,  gap  and  step  the  interaction  with  the 
package  field  has  been  described  by  LSMq/LSMq'  mode  excitation.  This 
excitation  is  described  by  a  unidirectional  coupling  mechanism-  In  contrast 
to  these  cases,  the  microstrip  90°-bend  and  T-junction  discontinuities  are 
associated  with  orthogonal  feed  lines.  The  wave  propagation  on  these  feed 
lines  implies  excitation  in  two  directions.  In  the  preliminary  models  for 
the  90°-bend  and  T-junctions  bidirectional  parasitic  mode  excitation  was 
neglected.  The  current  models  only  include  a  quasi-static  equivalent  circuit 
for  the  low  frequency  junction  effects  and  lumped  transformers  for  the 
LSMq/LSMq'  mode  coupling.  These  equivalent  circuit  models  consist  of  two 
separate  uncoupled  parasitic  transmission  line  stuctures  LSMq^/LSMq2'  i'or  the 
two  othogonal  directions,  each  parasitic  structure  being  described  by  wave 
propagation  in  one  direction  only. 

As  has  been  shown  these  simplified  circuit  models  are  able  to  fit  the 
numerically  generated  full -wave  data  to  some  extent.  The  reflection 
coefficients  phases  at  the  reference  planes  for  both  fundamental  modes  show 
nearly  the  same  resonance  behaviour  expected  by  the  numerically  generated 
full-wave  data.  The  significant  deviation  between  the  results  of  the 
simplified  circuit  models  and  the  numerically  generated  full -wave  data  can  be 
seen  in  Section  5.4.2,  Fig.  5.20  for  the  bend  discontinuity  example.  The 
resonance  at  d  =  1.3  mm  occurs  at  a  total  box  length  of  half  the  wavelength 
of  the  LSMg^  mode.  The  resonance  behaviour  of  the  reflection  coefficients 
phases  on  microstrip  1  is  well  predicted  by  the  dynamic  equivalent  circuit 
model  of  Section  5.4.1.  However,  the  numerically  generated  full  wave  data 
also  show  resonance  behaviour  for  the  reflection  coefficient  phase  on 
microstrip  2. 
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The  reason  for  the  expected  but  missing  resonance  peak  in  the  description 
based  on  the  simplified  (piecewise  unidirectional)  circuit  model  is  due  to 
the  fact  that  the  employed  LSM^^/LSM^^'  and  LSMq2/LSMq2'  transmission  lines 
represent  only  a  partial  description  of  the  total  package  field.  A  resonance 
description  for  the  total  package  field  has  to  be  reflected  in  both  partial 
field  descriptions  LSMq^/LSMq^'  and  LSMg2/LSMQ2'  simultaneously. 

6.2.  A  MICROSTRIP  90°-BEND  MODEL  INCLUDING  BIDIRECTIONAL  LSMg-MODE  COUPLING 


From  the  discussion  of  the  dynamic  equivalent  circuit  models  for  the  micro¬ 
strip  90°-bend  and  the  T-junction,  it  is  obvious  that  these  models  have  to  be 
extended  by  introducing  a  coupling  mechanism  between  the  LSMq^/LSMq^'  and 
LSMq2/LSMq2'  mode  transmission  lines.  To  demonstrate  the  effect  of 
introducing  such  a  coupling  mechanism  into  the  equivalent  circuit  for  the 
90°-bend,  Fig.  6.1  shows  an  improved  circuit  representation  containing  an 


additional  transformer 
-*1  h- 


-H  K- 


1 


RPli 

RP2’ 


LSMj,2  I 


strip  2 


! ■  6.1:  A  90°  bend  dynamic  equivalent  circuit  model  including  LSMq/LSMq' 
coupl ing 


.87. 


NEW  MODEL  SFPMIC 


LINMIC+ 


Fig.  6.2;  Sll  and  S22  of  90°  bend  model 


This  equivalent  circuit  model  is  a  simple  extension  of  the  previous  bend 
model  of  Section  5.4.1,  Fig.  5.18.  The  transformer  ratio  has  not  been 
determined  or  optimised.  A  ratio  1:1  was  assumed  and  used  to  generate  the 
results  in  Fig.  6.2  which  is  based  on  the  second  study  of  Section  5.4.2.  The 
reflection  coefficient  phases  pi  and  p2  on  both  microstrip  lines  now  show  the 
same  expected  resonance  behaviour.  Resonances  for  packages  of  any  dimension 
can  now  be  predicted  by  this  extended  equivalent  circuit  model. 


Nevertheless,  further  consistent  quantitative  investigations  are  required  to 
achieve  a  good  fit  between  the  numerically  generated  full -wave  data  and  the 
results  produced  by  the  circuit  model. 

5.3.  DESCRIPTION  OF  THE  EM  FIELDS  IN  THE  PACKAGE  IN  TERMS  OF  LSMq-MODE 
EXCITATION 


A  general  description  of  the  electric  and  magnetic  LSMq  field  in  a 
rectangular  box  can  be  achieved  by  considering  the  electric  wave  potential 
(i-(x,y).  If  the  electromagnetic  field  has  negligible  component  H^,  as  is 
assumed  for  the  propagation  of  the  partial  parasitic  fields  in  the  package, 
the  electric  anH  magnetic  fields  can  be  determined  from  (i<(x,y)  by  applying 
the  equations 


dcL 

W 

d(|; 

dy 

0 


The  LSMq  package  mode  field  is  not  disturbed  significantly  by  the 
metallisation  pattern  of  a  microstrip  circuit  as  can  be  concluded  from  full 
wave  computations.  The  field  distribution  of  package  modes  is  similar  to  the 
field  in  a  rectangular  box  homogeneously  filled  with  a  material  of  dielectric 
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constant  ^e|f*  case  of  a  general  excitation  mechanism  the  total 
potential  (|;^(x,y)  of  a  rectangular  box  (see  geometry  of  Fig.  6.3)  can  be 
expressed  by  a  summation  over  a  set  of  orthogonal  eigenfunctions  t^.|^(x,y). 


=  S  Z  A* 


yb-ya 


(y-ya)^  sin 


Xb  -Xa 


ix-Xa) 


In  this  way,  the  electric  and  magnetic  field  in  the  package  are  described 

through  the  potential  4'^(x,y)  dependent  on  the  co-ordinates  x  and  y  and  on 

the  amplitudes  of  the  rectangular  box  eigenfunctions  t^.j^.  Only  the 

electrical  field  E  and  the  magnetic  fields  H  and  H  are  of  interest  for 

z  ^  y 

further  study.  These  components  can  be  written  thus. 
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{x,y,Aik)  =  X  S  \  Cv-yJ 


i  k 


yb-ya 


kJt  . 

)■  sin  < -  U-Jfa) 

Xb  -Xa 


■»  ZTT  I  ic  7^ 

Hy  ix,y,A,i,)  =  y  A,t  sin  -  (y-yj^  cos  \ -  {x-Xa)\ 

T  k  Xb -Xa  I  Xb  -Xa 


The  partial  LSMo^/LSMq^'  and  LSM02/LSM02'  parasitic  fields  in  the  package  can 
be  described  by  potentials  and  (|;*‘^^°2(x,y) .  These  potentials  can 
be  obtained  if  the  electric  field  components  E^^^'^oi(x,y)  and  02(x,y) 
are  known.  The  components  E^  of  the  electric  fields  can  be  determined  from 
the  voltage  and/or  current  distribution  on  the  parasitic  transmission  lines 
in  the  equivalent  circuit  model. 

They  have  the  form: 


{x,y,P,...P^)  =  {y,P,...Ps)sin\-^  {x-Xa)\, 


\Xb  -Xa 


ELsm.i  (^x,y,P^...Pt^)  =  £;^^Wo2  {xxPx...Ps)  sin{ — ^  (y-ya)^ 


\yb  -ya 


where  the  parameters  denote  voltages  or  currents  on  the  LSM02/I-SM02' 

transmission  line.  From  these  voltages  or  currents  the  distribution  of  the 


electric  field  component  02(x,y)  can  be  determined.  With  the  knowledge 
of  the  distribution  of  the  potentials  i(x,y)  and  4>*‘^^02(x,y)  the 

magnetic  field  components  and  H^*‘^*'^0  2{x,y)  can  be  derived. 

-jco  -jO)  ^  ^ 


,LSMo\  _ 


—  ~~  Cy.^i  -  Pn)  sin - - —  (x-Xa) 

-JO)  dy  Xh-x^ 


—  Et^^‘^ix,Pi...PN)  sin - - —  (y-ya) 

-JO)  dx  yb-ya 


The  method  of  obtaining  the  partial  parasitic  fields  from  the  total  package 
field  is  as  follows: 

The  electric  field  component  of  the  LSMq^  and 

LSMq2  i'ield  distributions  have  to  be  set  equal  to  the  total  electric  field 
function  E^^(x,y)  describing  the  total  field  by  summation  over  the 
eigenfunctions  of  the  rectangular  box.  Also  the  magnetic  field  components 
H  LSMQ^xm^y)  and  Hj'^^02(x,y)  have  to  be  set  equal  to  the  total  magnetic 

^  X  t 

field  components  H  (x,y)  and  H  (x,y)  in  a  similar  manner.  This  leads  to 

A  y 

the  following  four  equations  for  bidirectional  excitation. 


Their  general  form  is: 


^LSMoi(^x,y,Pi...Pf^)  =  (x,y,A,it) 
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H,^^^°\x,y,Pi...Ps)  =  HUx,y,Ai,) 
H}-^^°^(x,y,p\..Pr})  =  h;  (x,y,Ai,) 


By  testing  equation  (a)  with  the  M  eigenfunctions  t^- ^  i=i,..M  amplitudes 
Ai  i(Pi . .  .P|^)  are  determined  and  equation  (b)  with  M  eigenfunctions  tj|^  K=1..M 
the  amplitudes  A^|^{P\. .  .P'^).  By  testing  the  respective  magnetic  fields,  a 
second  set  of  equations  is  obtained.  Thus: 


^.1  iP\...PN)=  — ^ - r*  sin  •  — — Cy-yj[c/y 

yb  -ya  -jco  ha  yb-ya 


Au  —  —  f*  £;™"^ 

Vh  -  V.  -IQ)  ^  ^ 


yb  -ya  -JO)  ^x. 


5m  ^ -  {x-Xa)>dx 

Xb  -Xa 


{Pl...pf^)- 


yb  -ya  -jO)  ph  d 


'■ —  {x,Pi...Pn)  COS  — (y-y<2)[^^y 

yb-ya  ha  dy  yb-ya 


Au  r| 

-kn  Xb-Xa  dx 


r*  ^  (x, 5m  {x-xAdx 

^  yb-ya 


From  these  linear  equations,  the  amplitudes  A^-j^  can  be  eliminated  and  a  new 
set  of  equations  which  gives  a  relationship  between  the  N  values  of  the 
parameters  Pj^...P|^  and  the  N  values  of  the  parameters  results. 


.93. 


Since  P^.,.P^  and  P'^...P'|^  denote  voltages  and/or  currents  of  the  equivalent 
circuit  model  this  establishes  a  relation  from  which  the  coupling  between  the 
LSMq^/LSMq^'  and  the  LSMQ2/LSMg2'  can  be  determined.  Depending  on  the  number 
of  unknowns,  the  total  package  field  expansion  can  be  truncated  after  a  few 
terms  and  a  complete  system  of  equations  for  the  relation  between  the 
parameters  P^...P,j  and  the  parameters  results.  The  s>ile 

extension  of  the  bend  model  of  Section  5.4.1,  Fig.  5.18,  corresponds  to  the 
first  term  of  the  total  field  expansion  only). 

6.4.  REVISED  MICROSTRIP  90°  BEND  MODEL 

In  the  previous  section  the  description  of  the  electric  and  magnetic  field  in 
the  package  for  bidirectional  LSMq  mode  excitation  was  discussed  for 
90°-bends  and  T-junctions.  It  was  concluded  that  the  distributions  of  the 
partial  electric  and  magnetic  field  of  the  LSMq  modes  of  orthogonal 
directions  are  related  by  a  coupling  description  to  the  common  electric  and 
magnetic  field  in  the  package.  These  relations  have  been  studied  in  more 
detail  and  applied  in  a  variety  of  microstrip  90°-bend  equivalent  circuit 
models.  The  application  of  the  respective  coupling  equations  to  the 
equivalent  circuit  models  results  in  much  more  complex  circuit  topologies.  A 
simple  equivalent  circuit  model  including  the  bidirectional  LSMq  mode 
excitation  was  reported,  the  equivalent  circuit  model  for  the  90°-bend,  using 
a  lumped  transformer  to  demonstrate  the  effects  of  coupling  between  che 
orthogonal  LSMg  modes. 

As  the  application  of  extended  coupling  relations  betweer.  the  electric  and 
magnetic  fields  of  orthogonal  LSMg  packages  modes  showed  no  significant 
improvements  during  the  investigation  of  more  sophisticated  dynamic 
equivalent  circuit  models  for  the  90'’-bend,  this  simple  equivalent  circuit 
model  has  been  reinvestigated  and  adopted  in  a  slightly  improved  version 
(Fig.  6.4). 
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Fig.  6.4:  A  dynamic  equivalent  circuit  model  for  the  microstrip  90°-bend 
including  the  coupling  between  the  partial  parasitic  LSMq^/LSM'q^ 
and  LSMo2/LSM'q2  mode  structures 


The  fixed  transformer  ratio  of  1:1  used  in  the  previous  investigations  was 
modified  to  achieve  a  better  fit  between  the  field- theory  based  data 
of  the  structure  analysed  in  Section  5.4.2.  and  the  results  of  the  equivalent 
circuit  model.  The  transformer  ratio  N3  (previously  1:1)  was  optimised 
together  with  the  other  elements  of  the  equivalent  circuit  model.  As  an 
example  the  reflection  coefficient  phases  pi  and  p2  of  a  90'’-bend  of  strip 
width  lOOum  on  a  100^lm  GaAs  substrate  was  calculated.  The  transformer  ratios 
Ml,  N1  and  N2  are  as  predicted  by  the  simple  formula  given  in  Section  3.  The 
correction  factors  FMl,  FNl  and  FN2  are  all  equal  to  one.  The  correction 
factors  FYl,  FY2  and  FZl  have  also  been  set  to  1  for  simplicity.  Further, 


the  additional  shift  of  the  length  of  the  transmission  line 

representing  the  LSMg^  mode  was  set  to  0  and  the  equivalent  circuit  elements 


M2,  N3  and  optimised. 


In  this  example  both  package  dimensions  (d^,  d2) 
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were  changed  simultaneously.  The  equivalent  circuit  model  with  optimised 
circuit  element  values  given  in  the  head''ine  in  Fig.  6.5,  is  able  to  predict 
all  the  reflections  coefficients  pi  and  p2  resonances. 

The  new  equivalent  circuit  model  was  also  applied  to  the  first  bend 
configuration  whose  set  of  data  has  been  generated  in  Section  5.4.2.  The 
results  are  shown  in  Fig.  6.6.  Again  a  good  fit  between  the  field-theory 
based  data  and  the  results  of  the  equivalent  circuit  model  was  obtained  by 
tuning  only  the  equivalent  circuit  elements  M2,  M3  and 

6.5.  EXTENDED  MICROSTRIP  T-JUNCTION  MODEL 

For  the  T-junction  two  orthogonal  parasitic  LSMq  mode  transmission  lines  have 
been  considered  in  representing  the  bidirectional  LSMq  mode  excitation  in  the 
package. 


Fig.  6.7:  A  dynamic  equivalent  circuit  model  for  the  microstrip  T-junction 
discontinuity,  first  revision. 


.97. 


d/mm 


A  revised  equivalent  circuit  model  is  given  in  Fig.  6.7.  This  model  contains 
6  transformers  to  represent  the  coupling  between  the  fundamental  microstrip 
modes  on  the  three  feed  lines  and  the  three  parasitic  LSM^'  modes.  In  addi¬ 
tion  transformer  N4  has  been  introduced  to  include  the  coupling  between  the 
parasitic  LSMq  modes  of  orthogonal  directions  (bidirectional  excitation). 

Fig.  6.8  shows  the  reflection  coefficient  phases  of  the  fundamental 
microstrip  modes  at  the  reference  planes  RPl  and  RP3  as  a  function  of  the 
package  width,  d  +  w2  +  x3  +  Is  for  the  structure  analysed  in  Section  5.5.2. 
The  field-theory  based  data  (dashed  curves)  show  resonance  behaviour  of  the 
reflection  coefficient  pi  at  box  dimensions  d  =  0.9mm  and  d  =  1.1mm.  The 
phase  of  the  reflection  coefficient  p3  shows  resonance  behaviour  at  box 
dimensions  d  =  1.5mm  and  d  =  1.8mm.  The  previously  used  equivalent  circuit 
model  was  able  to  predict  only  one  box  dimension  of  resonance  behaviour  for 
each  reflection  coefficient.  The  new  circuit  model  of  Fig.  6.7  predicts  the 
resonance  behaviour  of  all  4  package  dimensions.  The  resonances  at  box 
dimensions  d  =  0.9mm  and  d  =  1.8mm  are  predicted  accurately  but  the  two  other 
resonances  appear  still  shifted  with  the  box  dimension  d.  Moreover  tuning  of 
the  circuit  elements  does  not  result  in  the  fitting  of  these  resonances.  The 
resonances  at  d  =  1.1mm  and  d  =  1.5mm  are  predicted  by  the  equivalent  circuit 
model  to  be  close  together.  However  the  full  wave  data  does  not  show 
resonances  of  the  same  strength  and  location. 
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7. 


STUDY  AND  DEVELOPMENT  THE  MICROSTRIP-LSM„  MODE  COUPLING 
DESCRIPTION  - 

7.1.  IMPROVED  ANALYTIC  FORMULA  FOR  THE  COUPLING  DESCRIPTION 

The  coupling  between  the  fundamental  microstrip  mode  and  the  parasitic  LSMq 
mode  is  described  by  transformers  in  the  physics  related  equivalent  circuit 
models  .  Up  to  now  the  prediction  of  the  transformer  ratios  have  been  based 
on  a  first  order  analytic  approximation  (Section  3.3).  Therefore,  in  order 
to  obtain  more  refined  equivalent  circuit  models  a  more  detailed 
investigation  into  the  transformer  ratio  description  was  done. 

The  fundamental  microstrip  mode  and  the  LSMq  package  mode  are  coupled  by 
their  common  electric  field  in  the  package.  Therefore,  the  coupling  between 
the  fundamental  microstrip  mode  and  the  package  mode  can  be  determined  by  the 
scalar  product  of  the  electric  fields  of  both  modes  in  the  package 
cross-section  A: 

^E  ^  ^A^  ^strip  •  ^LSMq 

The  electric  field  of  the  parasitic  LSMq  mode  is  only  weakly  disturbed  by  the 
presence  of  the  metallisation  of  a  microstrip  line.  The  electric  field  of 
the  parasitic  LSMq  mode  can  be  described  to  a  good  approximation  by: 

^LSMq^^’^^  ^  ^LSMq  sin(7tx/W^}  (2) 

Fig.  1  shows  the  cross  section  of  the  package  and  the  geometry  and  electrical 
data  used  in  the  following  calculations.  The  electric  field  of  the 
fundamental  microstrip  mode  can  be  approximated  by: 

^strip^^’^^  "  ^strip’  "'^eff'^^  ^  ^  ^  ^eff^^ 
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Fig.  7.1:  Cross-section  of  the  package  under  investigation 


where  is  the  effective  width  of  the  microstrip  line.  The  value  of  the 

effective  microstrip  width  can  be  determined  using  an  equivalent  magnetic 
wall  model.  With  this  approximation,  the  coupling  between  the  electric  field 
of  the  fundamental  microstrip  mode  and  the  LSMq  package  mode  is  determined 
by: 


'LSM/^strip 


=  ^  [cos(y- 


(x, 


m 


W  irr  W  fr 

“2—)  )-cos  (^.  ( ^— ) )  ] 


However,  the  transformer  ratios  n  and  m  are  defined  in  the  equivalent  circuit 
models  as: 


'^u’"'u  "  ^LSNl/^strip 

Therefore,  the  voltages  at  the  transformers  in  the  equivalent  circuits  have 
to  be  determined  as  a  function  of  the  models'  electric  field  in  the  package. 
The  voltage  between  the  ground  plane  and  the  microstrip  can  be  found  approxi¬ 
mately  from  the  electric  field  of  the  fundamental  microstrip  mode  using 
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*^stn’p  "  ^  '  ^stn’p 

For  the  parasitic  LSM^  mode,  evaluation  of  the  power  flux  of  the  parasitic 
mode  in  the  package  and  its  representation  by  a  transmission  line  in  the 
equivalent  circuit  models  gives  a  relationship  between  the  voltage  at  the 
transformers  and  the  electric  field  in  the  package.  The  power  flux  of  the 
LSMq  mode  can  be  calculated  from: 

P  =  0.5(E  .H  l.(h+H).W^  =  eI  (h+H).W  /2Z^ 
y  A  s  y  s  » 

with  =  (Zg/Zer)/  /l-(f^/f)2 


The  power  flux  in  the  transmission  line  in  the  equivalent  circuit  models  can 
also  be  described  by: 


P  =  0.5  .  U2 


LSM 


/Z, 


with 


^0  (h  +  H)  1 

/er  ’  '^s  *  /l-(fj,/f)2 


Since  both  descriptions  of  the  power  flux  are  equivalent  then 


(8) 


^LSMg  "  '^s  •  ^LSMg 


(9) 


With  the  application  of  this  relationship  the  transformer  ratios  are 
determined  by 
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The  investigation  of  the  transformer  ratio  uses  the  characteristic  impedance 


of  the  LSMg  package  mode.  However,  the  definition  of  characteristic 
package  mode  impedances  is  ambiguous  with  respect  to  its  absolute  value. 
Therefore,  a  correction  factor  must  be  introduced  to  fit  the  equivalent 
circuit  models  to  the  numerically  generated  full -wave  data.  The  transformer 
ratios  n^,m^  of  equation  (10)  have  to  be  modified  by  a  factor  0.25  to  account 
for  the  LSMg  standing  wave  situation  in  the  package  in  regard  to  the  above 
transported  power  considerations.  The  additional  correction  factors 
mentioned  are  the  quantities  N,M  listed  in  the  header  of  each  result  figure. 
Their  nominal  (uncorrected)  values  are  +1/-1  depending  on  the  transformer 
orientation. 

7.2.  VERIFICATION  OF  THE  TRANSFORMER  RATIO  DESCRIPTION  USING  THE  GAP  MODEL 

Because  the  coupling  between  the  fundamental  microstrip  mode  and  the  LSMg 
package  mode  is  significant,  the  microstrip  gap  discontinuity  is  a  good  test 
case  for  applying  the  new  transformer  ratio  formula. 


(j  =  +  X2  +S  +  2I3 


Fig.  7.2:  Microstrip  gap  discontinuity  with  feed  lines  and  current  sources 
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7.2.1.  Gap  Width  Variation 


First  the  coupling  between  the  fundamental  microstrip  mode  and  the  LSMg 
package  mode  as  a  function  of  the  microstrip  gap  width  was  investigated,  for 
the  gap  discontinuity  structure  of  Fig.  7.2. 

Numerical  full -wave  data  was  used  for  comparison  with  the  circuit  models. 
The  configurations  studied  had  the  following  geometric  parameters: 

h  =  lOOum,  H  =  500um,  w  =  lOOum,  w^  =  3.1mm,  =  1.5mm,  =  12.9  with  the 
following  gap  variations,  g  =  lOOOiim,  200^im  and  lOOijn.  The  analysis 
frequency  was  55  GHz. 

The  results  (Figs.  7.3-5)  show  the  phase  of  reflection  coefficients  on  the 
microstrips  at  both  ports  of  the  discontinuity.  The  correction  factors  M  and 
and  N  for  the  transformer  ratios  were  set  to  -1  or  1.  M  =  -1  indicating  that 
the  transformer  should  be  connected  in  the  equivalent  circuit  with  ports  of 
one  winding  interchanged.  Z  and  Z^,  are  the  LSMg  and  LSMg'  mode  characteri¬ 
stic  impedances. 

As  can  be  seen  the  physics  related  gap  model  including  the  coupling  between 
the  fundamental  microstrip  mode  and  the  LSMg  package  mode  gives  a  compara¬ 
tively  accurate  agreement  between  the  numerically  generated  full -wave  data 
and  the  results  of  the  equivalent  circuit  model.  The  transformer  ratio  is 
well  described  by  the  improved  analytical  formula  for  large  gap  widths  (g  = 
1mm)  up  to  small  gap  widths  (g  =  lOO^m). 

7.2.2.  Strip  Width  Variation 

The  microstrip  strip  width  w  =  lOOtim  was  changed  to  further  verify  the  new 
transformer  ratio.  Two  cases,  w  =  50um  and  w  =  200nm  were  studied.  The 
geometric  parameters  for  this  second  study  were: 
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Fig.  7.4:  Gap  model  Sll  and  S22:  gap  0.2  mm 


f  =  55GHz,  h  =  lOOum,  H  ^  500|am,  g  =  lOO^m,  =  3.1mm,  =  1.5mm,  = 

12.9 

The  results  of  the  analysis  using  the  physics  related  equivalent  circuit 
model  with  ideal  correction  factors  for  the  transformer  ratios  n  =  -1  and  m  = 
1  are  shown  in  Figs.  7.6  and  7.7.  The  agreement  between  the  numerically 
generated  full -wave  data  and  the  results  of  the  equivalent  circuit  model  is 
excellent  for  the  w  =  ZOO^m  example.  The  predicted  resonance  due  to  the 
coupling  between  the  fundamental  microstrip  mode  and  LSMq  package  mode  (d  = 
4.0mm)  for  the  w  =  50|jm  example  shows  good  agreement. 

7.2.3.  Frequency  Variation 

For  further  verification  of  the  calculated  transformer  ratios,  the  frequency 
of  f  =  55GHz  investigated  before  was  extended  to  f  =  50GHz  and  f  =  80GHz. 

In  this  study  the  geometric  parameters  were  set  to: 

w  =  ICOiim,  h  =  lOOiim,  H  =  SOOiim,  g  =  lOOfim,  =  3.1mm,  =  1.5mm,  = 

12.9. 

The  decrease  of  frequency  55GHz  to  50GHz  results  in  a  significant  decrease  of 
the  effective  dielectric  constant  of  the  LSMq  package  mode  ( {55GHz)  = 
0.422,  {50GHz)  =  0.258).  The  phase  of  the  reflection  coefficient  of  the 

fundamental  microstrip  mode  at  both  ports  of  the  discontinuity  is  given  in 
Figs.  7.8  and  7.9.  Both  examples  show  a  good  agreement  between  the 
numerically  generated  full -wave  data  and  the  results  of  the  equivalent 
ci rcui t  model . 
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7.2.4.  Variation  with  the  microstrip  position  in  the  package 

In  the  previous  studies  the  microstrip  position  was  set  in  the  middle  of  the 
package  (package  width  =  3.1mm,  position  of  the  strip  =  1.5nm).  The 
following  three  gap  configurations  show  the  transformer  ratio  dependency  on 
the  position  of  the  microstrip  in  the  package.  The  structural  paramters  in 
this  study  were  set  to: 

w  ^  lOOum,  h  =  100|jm,  H  =  BOOum,  g  =  lOOum,  =  3.1mm,  f  =  60GHz, 

=  12.9,  for  the  following  positions,  X^^  =  1.5,  X^^  =  1mm,  and  X^^  = 

0.5mm 

The  predicted  transformer  ratios  for  these  microstrips  are  0.12,  0.1  and  0.06 
respectively.  On  using  these  predicted  transformer  ratios  in  the  microstrip 
gap  model,  good  correlation  between  the  numerically  generated  full-wave  data 
and  the  results  of  the  equivalent  circuit  model  is  obtained  (Figs.  7.10-12). 

7.2.5.  Small  gap  width  study 

Up  to  now  the  microstrip  gap  discontinuity  has  been  analysed  for  relatively 
large  gap  widths  (s  =  1mm,  200um,  lOOum)  as  compared  to  a  strip  width  of 
lOOum  and  a  substrate  height  of  IOOmjti.  In  the  previous  examples  it  has  been 
shown  that  for  various  gap  configurations  (all  of  relatively  large  gap  width) 
the  field-theory  based  full -wave  data  show  essentially  the  same  behaviour  of 
the  phase  of  the  reflection  coefficient  at  the  discontinuity  ports  as  the 
results  of  the  equivalent  circuit  model.  For  a  smaller  gap  width  the  phase 
of  the  reflection  coefficient  of  the  microstrip  mode  decreases  and  therefore 
the  strength  of  the  excitation  of  the  package  mode  decreases  (destructive 
interaction  of  the  two  open  end  effects).  A  gap  discontinuity  of  width  s  = 
20um  (w  =  lOOum,  h  =  lOOum)  was  analysed  for  additional  verification  of  the 
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dynamic  gap  discontinuity  model.  The  full -wave  data  and  the  results  of  the 
equivalent  circuit  model  are  plotted  in  Fig.  7.13.  The  resonance  behaviour 
of  d  =  3.7mm  is  predicted  quite  accurately  using  the  predicted  transformer 
ratios.  The  correction  factors  N  and  M  are  set  to  -1  and  1. 

7.2.6.  T*'ansformer  Ratio  Variation 


To  test  the  new  transformer  formula  further,  the  effect  of  changing  the 
predicted  ratios  set  in  the  previous  examples  on  the  model  performance  was 
studied.  The  cases  investigated  are  given  below. 

The  gap  discontinuity  described  by  the  case,  f  =  BOGHz  in  Section  7.2.3.  was- 
studied  again.  The  correction  factors  M  and  N,  which  have  been  set  to  -1  and 
1  in  the  previous  analysis  of  the  transformer  ratios  were  set  at  N  =  -1.2  and 
M  =  1.2.  This  increase  of  20%  of  the  transformer  ratios  gives  a  significant 
change  in  the  behaviour  of  the  phase  of  fundamental  microstrip  mode 
reflection  coefficient  (Fig.  7.14),  from  that  obtained  for  the  ideal 
correction  factors. 

Another  case  re-examined  was  the  gap  discontinuity  described  by  f  =  60GHz,  w 
=  lOOum,  g  =  lOOum,  =  1.5mm  is  the  second  example  for  sensitivity 
considerations.  The  correction  factors  M  and  N,  which  have  been  set  to  -1 
and  1  in  the  previous  verification  of  the  transformer  ratios  were  set  at  N  = 
-0.8  and  M  =  0.8.  This  decrease  of  20%  in  the  transformer  ratios  does  not 
show  significant  influence  on  the  behaviour  of  the  phase  of  the  reflection 
coefficient  of  the  fundamental  microstrip  mode  (Fig.  7.15). 

The  last  case  analysed  was  that  of  Section  7.2.1.  g  =  lOOum.  The  correction 
factors  M  and  M,  which  have  been  set  to  -1  and  1  in  the  previous  verification 
of  the  transformer  ratios  were  increased  significantly  to  N  =  -1.5  and  M  = 
1.5.  This  increase  of  50%  of  the  transformer  ratios  shows  its  influence  on 
the  behaviour  of  the  phase  of  the  reflection  coefficient  of  the  fundamental 
microstrip  mode  (Fig.  7.16),  resulting  in  less  agreement  with  the  model. 
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M.l  Zs  =  lM.l  Fcl  =  1.0630  fcd- 

d/mm 

4.4  4.9  5.2  5.6  6.0  6.4 


These  simple  sensitivity  studies  show  that  the  new  transformer  ratio  formula 
basically  describes  the  fundamental  microstrip  mode  and  the  LSMq  package  mode 
coupling  for  the  microstrip  gap  discontinuity. 


7.3.  DISCUSSION  OF  THE  FREQUENCY  DEPENDENCY  OF  THE  TRANSFORMER  RATIO 

In  order  to  study  the  frequency  dependency  of  the  transformer  ratio,  the 
model  given  in  Fig.  5.1  was  replaced  by  that  shown  in  Fig.  7.17. 
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Fig.  7.17:  Modified  open-end  circuit  model  in  a  package 

This  equivalent  circuit  was  found  to  be  more  accurate  where  1^  is  the  source 
length,  the  microstrip  length,  d1  the  microstrip  end  effect  and  ^2  the 
distance  from  the  microstrip  end  to  the  package  end. 

The  equivalent  circuit  model  for  the  open  end  discontinuity  is  given  in 
Figure  7.17  by  the  equivalent  circuit  to  the  right  of  the  ports  2  and  2'  with 
the  LSMg  mode  length  ^2  removed. 

This  circuit  model  was  applied  to  example  open  end  configurations  over  a 
large  frequency  range.  One  of  the  structures  modelled  had  the  following  open 
end  geometry  parameters: 
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h  =  lOOum,  H  =  0.500mm,  =  3.000mm,  =  0.500 

w  =  50nm,  =  1.179mm,  Xp  =  2.886mm,  =  1.20w 

where  x^  is  the  feed  length,  x^  the  strip  position  along  the  package  width, 
Xp  the  package  length  and  1^  the  source  length. 

The  following  correction  factors  were  also  applied  to  the  elements  of  the 
equivalent  circuit  model.  FC_DL  is  the  correction  factor  that  modifies  the 
the  open  end  equivalent  length  dl .  FC_N  is  the  correction  factor  that 
modifies  the  predicted  transformer  ratio  N.  FC_P  is  the  correction  factor 
that  modifies  the  approximated  propagation  constant  P|_3nj-  The  dashed  curve 
(Fig.  7.18)  shows  the  phase  of  the  scattering  parameter  if  the 

approximate  propagation  constant  is  used  together  with  the  correction  factor 
FC_P.  The  dotted  curve  in  Fig.  7.18  shows  the  phase  of  if  the  correct 
values  for  the  propagation  constants  and  '  (derived  from  full  wave 

analysis)  are  used  giving  a  very  small  further  improvement. 

The  above  results  show  a  discrepancy  between  the  numerical  full -wave  results 
and  the  scattering  parameter  determined  from  the  circuit  model  when  low 
frequencies  are  approached.  The  reasons  for  this  discrepancy  can  be 
determined  as  follows.  At  low  frequencies  the  LSM^  mode  is  below  cut-off 
(below  46  GHz)  for  the  above  structure.  The  input  impedance  of  the  LSMq 
transmission  line  loaded  with  the  short  circuit  representing  the  electric  end 
wall  is: 

^in  "  J  I^LSmI  ^LSmI  ^  ^ 


Z.^(f<f^)  ~  l//l-(f^/f)2  ~  f 
where  1  is  the  line  length. 
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(geometry;  ui-  .050  h=  .100  H»  .50  Ws-3.000  xm»  .5«Ws  xs  =  1.179  xp=2.R8e 
Corr.  Fct;  FC  N“  1.5710  FC  DL=  1.0526  FC  P-  .5725 

f/GHz 
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Fig.  7.18;  Open  end  Sll  with  correction  factor 
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the  microstrip  open  end  transformer  being  loaded  with  impedances  relating  to 
the  LSMq  and  LSMq'  modes.  If  these  impedances  vanish  for  frequencies 
approaching  zero  and  the  transformer  ratio  N  is  considered  independent  of 
frequency,  the  equivalent  circuit  model  will  show  the  incorrect  low 
frequency  behaviour  .  Since  the  transmission  line  characteristics  and 
3lsm  package  mode  are  sufficiently  justifiable,  the  reason  is  found  to 
be  in  the  factor  l-(f^/f)2  which  is  only  weakly  dep'^'ndent  on  frequencies 
sufficiently  high  above  cut-off.  A  theoretical  study  therefore  was  made 
which  shows  how  the  voltage  and  associated  parasitic  mode  current  behaves  in 
the  asymptotic  low  frequency  limit.  From  this  study  it  was  concluded  that 
the  transformer  ratio  description  had  to  be  frequency  dependent. 

7.4.  FREQUENCY  BEHAVIOUR  OF  THE  TRANSFORMER  RATIO 

The  major  pr'oblem  in  the  open  end  model  was  the  frequency  dependent  behaviour 
of  the  transformer  ratio  N  describing  the  coupling  between  the  microstrip 
node  and  the  LSMq  package  mode.  Up  to  now  the  transfer  ratio  N  has  been 
considered  successfully  independent  of  frequency.  However,  an  inconsistency 
occurs  because  the  frequency  behaviour  of  the  transformer  mode  in  conjunction 
with  the  frequency  dependent  LSMg  characteristic  impedance  results  in  a  short 
circuit  of  the  LSMq  mode  transmission  line  in  the  static  circuit  model. 
This  behaviour  is  considered  as  not  being  physical  and  has  to  be 
reconsidered.  To  overcome  this  inconsistency  a  theoretical  study  similar  to 
those  already  performed  on  ideal  wave-guide  discontinuities  was  undertaken  in 
order  to  get  a  more  detailed  look  on  the  frequency  dependency  of  the 
transformer  behaviour  above  cut-off. 

In  this  study  for  frequencies  above  cut-off  the  following  assumptions  have 
been  made.  Two  waves  are  propagating  on  the  microstrip  transmission  line  on 
the  left  port  of  the  discontinuity  (Fig.  7.19).  One  wave  is  travelling  in 
the  positive  and  the  other  in  the  negative  z-di  recti  on.  At  the  other 
discontinuity  port  there  is  only  one  LSMq  mode  travelling  in  a  positive 
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z-direction.  All  other  modes  are  assumed  to  be  sufficiently  cut-off  and  as 
such  are  lumped  into  the  quasi-static  model  parameters. 


I - ^  ^ 

a  =  1 - 3^  !  - - C 

b  =  ro 

Wicrostrip  I  LSMq  mode 


Fig ■  7  .19 :  Schematic  of  the  discontinuity  microstrip  -  LSMq  mode 

From  the  boundary  condition  for  the  electric  field  in  the  transverse  plane  of 
the  discontinuity,  the  equation 

(1  +  r^)  *  T  = 

can  be  estimated,  where  T  is  the  scalar  product  between  the  electric  field 
distribution  of  the  fundamental  microstrip  mode  and  the  electric  field 
distribution  of  the  LSMq  package  mode.  Previously  this  scalar  product  has 
been  used  to  predict  analytically  the  transformer  ratio  N.  The  boundary 
condition  for  the  magnetic  field  in  the  transverse  plane  of  the  discontinuity 
gives  a  second  equation 

(1  +  q)  *  (1/Z|_  microstrip  ~  microstrip 

where  I,  _ _  and  Z,  ,  cun^re  the  characteristic  impedances  of  the 

Lmicrostrip  LL5MU 

fundamental  microstrip  mode  and  the  LSMq  package  mode.  From  these  two 
equations  the  reflection  coefficient  rg  can  be  calculated. 
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The  next  step  is  to  compare  this  reflection  coefficient  to  the  reflection 
coefficient  of  the  ideal  transformer  shown  in  Fig.  7.20. 
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Fig.  7.20:  Mode  coupling  transformer 


The  scattering  matrix  of  thi'.  transformer  is 


[S]  = 
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A  comparison  between  the  reflection  coefficient  of  the  ideal  transformer  and 
the  ideal  discontinuity  (microstrip  -  LSMq  mode)  shows  that  for  N=T  the 
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ideal  transformer  reduces  to  the  equivalent  circuit  model  for  the  junction 
microstrip  mode  -  LSMq  mode,  indicating  again  that  the  transformer  ratio 
for  frequencies  above  LSMq  cut-off  is  frequency  independent. 

At  the  same  time  this  result  shows  that  two  different  frequency  regions  are 
needed  for  the  transformei^  ratio  description,  one  applying  above  LSMq 
cut-off  with  no  frequency  dependency  (used  up  to  now)  and  the  other  for 
frequencies  below  cut-off  having  a  frequency  dependence.  The  frequency 
dependent  description  of  the  LSMq  mode  for  use  in  the  low  frequency  part  of 
the  spectrum  below  cut-off  is  already  included  into  the  discontinuity  quasi - 
static  portion. 

Within  the  quasi-static  range  the  package  field  can  be  described  for  every 
frequency  by  a  superposition  of  LSM  and  LSE  modes.  The  stray  field  of  the 
open  end  is  mainly  determined  by  a  superposition  of  LSE  modes  only,  but 
contains  implicitly  a  small  LSM^  portion.  The  LSE  modes  are  dominant  and 
represent  a  capacitive  load  on  the  microstrip,  this  effect  being  considered 
in  the  equivalent  circuit  model  by  the  quasi -static  open  end  length.  In  this 
case  all  higher  modes  are  far  below  cut-off  and  as  such  this  quasi -static 
description  is  valid  for  increasing  frequency. 

As  the  LSMq  mode  approaches  cut-off  or  is  above  cut-off,  the  LSMq  package 
field  content  becomes  important.  LSE  mode  effects  now  can  be  described  by 
the  quasi -static  effective  open  end  length,  because  the  LSE  modes  are  far 
below  cut-off.  Since  the  LSMq  mode  is  dominant  in  the  package  field,  the 
coupling  between  the  fundamental  microstrip  mode  and  the  LSMq  package  mode 
has  to  be  considered,  as  in  the  dynamic  circuit  model  description. 

The  following  illustration  shows  the  range  of  validity  for  the  quasi  static 
part  and  the  LSMq  part  of  the  dynamic  model.  Fig.  7.21.  The  two  ranges 
overlap  showing  the  unified  description  of  the  dynamic  model. 
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Fig.  7.21:  Validity  of  the  dynamic,  open  end  discontinuity  model 


The  supei^posi tion  of  LSM  and  LSE  modes  in  the  form  (dl,fJ)  shows  the  correct 
quasi -static  and  dynamic  mode  behaviour,  the  equivalent  circuit  representa¬ 
tion  of  the  LSM  and  LSE  mode  parts  of  the  dynamic  model  having  to  reflect 
this  superposition. 


As  can  be  deduced  the  range  of  validity  of  the  quasi  static  model  part  is 
restricted  to  frequencies  below  the  first  cut-off  frequency  of  LSE  modes, 
where 

In  this  range  the  quasi  static  open  end  length  can  be  considered  essentially 
constant,  nearly  independent  of  frequency. 


The  LSMq  mode  behaviour,  represented  by  a  transformer  and  transmission 
lines  has  to  reflect  that  the  LSMq  mode  is  frequency  dependent  below 
cut-off  and  that  the  LSMq  energy  content  is  lumped  into  the  value  of  dl  in 
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the  asymptotic  limit.  This  LSM^  behaviour  below  cut-off  is  taken  into 
account  by  the  introduction  of  the  empirical  function. 


where  Nq  is  the  transformer  ratio  that  has  been  used  for  frequencies  above 
cut-off.  The  results  in  Figs.  7.22  and  7.23  use  this  empirical  correction 
for  the  transformer  ratio  and  as  can  be  seen  show  good  agreement  with  the 
numerical  data. 
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8.  PARAMETER  EXTRACTION  METHOD 

8.1.  METHOD 


In  the  modelling  procedure  two  numerical  full -wave  S-parameter  databases  are 
generated  for  each  discontinuity.  These  databases  are  dependent  on  the 
geometric  dimensions  of  the  discontinuity  structure  in  the  package  and  upon 
frequency.  The  first  database  is  based  on  a  low  frequency  analysis  with 
package  dimensions  such  that  LSMg  mode  effects  are  at  a  minimum.  This 
database  is  used  to  obtain  the  quasi-static  elements  of  the  model.  For  the 
second  database,  package  lengths  are  chosen  so  that  the  length  is  larger  than 
^LSM  maximum  frequency  under  consideration  and  the  LSMq  package  mode 
goes  "^resonant  within  the  frequency  range  of  analysis.  In  such  a  situation 
the  coupling  between  the  microstrip  and  package  mode  has  considerable 
influence  on  the  discontinuity  behaviour  and  the  transformer  ratios  can  be 
determined  with  good  accuracy. 

The  curve  fitting  procedure  based  on  such  data  is  organised  in  automated  form 
with  the  additional  possibility  of  manual  tuning.  This  procedure  is  based  on 
a  computer  assisted  search  for  the  minimum  of  the  function 


L 

n=l 
-0. 


I  |s“m  (fj  - 

m=l 


where  S  m  (f  )  is  the  scattering  parameter  m  of  the  data  base  for  frequency 
M  ^ 

f^  ,  S  m  (f^,p^.  )  is  that  of  the  equivalent  circuit  model  and  parameter  set 
p^-  and  q  is  a  variable  in  the  optimisation  procedure.  The  algorithm  used  is 
based  on  the  method  of  conjugate  directions  (1),  the  value  of  q  being 
increased  to  obtain  an  error  minimum. 


The  equivalent  circuit  models  previously  studied  are  able  to  predict  the 
discontinuity  behaviour  with  reasonable  accuracy.  The  elements  in  these 
models  are  described  by  geometrical  dimensions,  electric  characteristics  of 


the  transmission  lines  and  the  LSMq/LSMq'  package  modes  and  analytical 
formula  for  the  transformer  ratios.  In  addition  quasi -static  analytical 
formulae  descriptions  of  the  discontinuity  are  used  to  build  up  the  dynamic 
equivalent  circuit  models. 


For  example  in  the  open  end  discontinuity  case,  the  reflection  coefficient  on 
the  feed  line  is  calculated  from  the  equivalent  circuit  model  as  a  function 
of  the  geometric  variables  and  frequency. 


a{w,  h,  H,  f,  w 


S’  ^p*  ^LSM, 


"LSM, 


The  quasi -static  effective  line  length  and  the  transformer  ratios  for  the 
open  end  will  be  evaluated  as  a  function  of  the  input  parameters 


"^^static  ~  *^5^ 

where  the  start  function  for  can  be  published  analytic  formula.  If 

a  refinement  to  the  dynamic  model  is  required  the  current  formulae  will  be 
used  in  conjuction  with  correction  factors  FC_DL  and  a  new  function  derived 
from  curve  fitting.  Such  a  method  is  also  used  in  deriving  the  transformer 
ratio. 

^fitted  ”  "^predicted  *  ^  '^s^ 

where  the  correction  factor  f^^,  (FC_N)  will  have  a  value  of  about  1  for  most 
geometric  configurations,  d  being  a  function  depending  upon  frequency  and  the 
discontinuity  configuration  dimension  parameters  in  the  package. 

8.2.  REFERENCES 

(1)  Bandler,  J.W.,  Chen,  S.H.,  Circuit  Optimisation:  The  state  of  the  art, 
IEEE  MTT-36,  Feb.  1988,  p.424. 
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9.  MICROSTRIP  OPEN  END  MODEL 

The  physical  environment  used  in  the  full  wave  analysis  of  the  open  end 
discontinuity  in  a  package  is  shown  in  Fig.  9.1. 


Fig.  9.1:  Microstrip  open  end  discontinuity  in  a  package 

where  d  is  the  package  length  and  w^  the  package  width,  is  the  length  of 
the  source,  the  feed  strip  length  and  w^  the  strip  width.  The  equivalent 
circuit  model  of  this  situation  is  shown  in  Fig.  9.2. 
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Fig.  9.2:  Dynamic  circuit  for  the  open  end  discontinuity  in  a  package 
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The  model  takes  into  account  the  excitation  of  the  LSMq  package  mode  at  the 
open  end  discontinuity  and  at  the  current  source  through  the  transformers  N 
and  M  respectively.  The  discontinuity  model  is  a  3-port  circuit  shown  in 
Fig.  9.3. 
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Fig.  9.3:  Open  discontinuity  model 


where  dl  is  the  extra  static  open  end  length. 

9.1.  ANALYTIC  FORMULA  FOR  THE  STATIC  PART  OF  THE  DYNAMIC  EQUIVALENT  CIRCUIT 
MODEL 

The  dynamic  equivalent  circuit  model  consists  of  a  quasi -static  part  (the 
effective  equivalent  open  end  length  dl )  and  a  dynamic  part  describing  the 
coupling  between  the  fundamental  microstrip  mode  and  the  parasitic  LSMq 
package  mode.  The  quasi-static  part  of  the  equivalent  circuit  model  needs 
refining  for  the  effective  equivalent  open  end  length  d1 .  The  analytic 
description  of  dl  was  based  on  published  formulae.  However,  the  published 
analytic  open  end  formula  does  not  consider  the  effects  of  package  width. 
The  smallest  package  width  under  consideration  in  this  project  is  Ws=0.5mm 
that  is  5  times  the  substrate  thickness.  The  behaviour  of  such  open  end 
configurations  is  influenced  considerably  by  the  lateral  side  walls. 
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Therefore,  the  new  analytic  formula  for  the  quasi  static  effective  open  end 
length  must  take  the  effects  of  package  width  into  account. 

In  order  to  obtain  the  refined  analytic  formula  a  database  of  S-prameters  for 
a  wide  range  of  open  end-package  structures  were  generated.  For  the 
database  normalised  parameters  for  the  open  end  configurations:  strip  width 
w/h,  cover  height  H/h,  substrate  width  W^/h  and  frequency  f*h,  were  used. 

The  dielectric  constant  of  the  substrate  was  12.9  (GaAs). 

The  position  of  the  strips  was  fixed  to  the  center  of  the  package 
(X^=0.5*W^].  To  cover  the  geometry  range  from  1mm  to  3mm  for  both  package 
lateral  dimensions,  a  minimum  substrate  height  of  h=0.05mm  and  a  maximum 
substrate  height  of  0.2mm,  the  range  of  normalised  package  parameters  W^/h 
and  H/h  for  the  data  base  was  set  for  5  <  W^/h,  H/h  <  60.  However  since  high 
H/h  ratios  cause  LSE  modes  in  the  package  and  high  W^/h  ratios  cause  the 
second  LSM  mode  to  be  excited  in  the  frequency  range  of  interest,  the  upper 
limit  was  not  used.  Therefore,  considering  a  0.1mm  substrate,  the  physical 
parameter  range  for  the  data  base  generation  was  fixed  to  0.5  <  W^,  H  <  3. 

The  normalised  frequency  range  used  was  0  x  f*h  <  12  GHz*mm  (frequency  range 
0-120  GHz  on  a  0.1  mm  substrate). 

For  some  of  the  open  end  configurations  investigated,  convergence  was  checked 
with  resoect  to  the  number  of  expansion  functions  and  spectral  density  used 
in  generating  the  numerical  data  base.  The  CPU  time  spent  for  the  numerical 
analysis  of  the  open  end  configurations  was  small  for  wide  strips  in  narrow 
packages,  increasing  considerably  for  the  analysis  of  narrow  strips  in  wide 
packages.  The  computation  accuracy  of  the  effective  open  end  length  dl  in 
the  final  data  base  generation  was  estimated  to  be  less  than  5%  for  narrow 
strips  and  much  better  for  wide  strips. 


.130. 


The  second  step  in  the  generation  of  final  quasi -static  analytical  formulae 
for  the  discontinuity  was  to  fit  the  numerical  data  base  results,  that  is  the 
phase  of  the  reflection  coefficient  of  the  fundamental  microstrip  mode,  to 
the  equivalent  circuit  model  by  computer  matching.  The  correction  factors. 


fc_dl  . 


data  base _ 

state-of-the-art 


were  generated  for  final  model  tuning  and  are  listed  in  Table  1  (Section  9.4) 
together  with  the  geometrical  parameters  describing  the  open  end 
configuration  (HH  is  the  height  from  package  cover  to  substrate,  Xp  the 
package  length  and  XFEED  the  microstrip  length).  The  analytic  formula  for 

the  open  end  length,  state-of-the-art  taken  from  M.  Kirschning  (1,2). 
The  correction  factors  fc_dT  have  a  value  near  1.  The  maximum  relative 
deviation  between  data  base  and  published  formula  found  for  1-f^  is 
9.2%  and  the  ..  age  error  is  2.2%.  The  maximum  relative  error  appears  for 
small  pack  widths. 

Starring  from  the  published  analytic  open  end  formula  and  taking  into  account 
a  correction  factor  for  the  substrate  width,  the  final  analytic  formula  for 
the  quasi-static  effective  open  end  length  is 


and  the  mean  deviation  is  0.75^,  The  range  of  validity  is  determined  by  the 
outlined  parameter  range  of  the  data  base. 


9.2.  ANALYTIC  FORMULAE  FOR  THE  TRANSFORMER  RATIO 

Although  in  the  dynamic  part  of  the  equivalent  circuit  model  a  preliminary 
analytic  description  of  the  transformer  ratio  has  been  developed  (Section  7), 
up  to  now  the  coupling  between  the  microstrip  and  the  LSM^package  mode  has 
not  been  studied  in  detail  for  frequencies  near  package  resonance.  For  such 
a  study  a  full  wave  database  was  generated  for  a  set  of  open  end  disconti¬ 
nuity  structures. 

As  previously,  normalised  parameters  were  introduced  for  the  data  base 
generation.  The  physical  reference  substrate  height  for  the  numerical 
computations  was  again  h=100^m.  The  denormal ised  frequencies  used  were 
50. ..120  GHz. 

The  database  package  height  values  were  restricted  to  H=0.5mm  and  H=lmm, 
because  for  larger  package  height  the  first  LSE  cut-off  frequency  would  be 
lower  than  120  GHz,  i .  within  the  frequency  range  of  interest,  the  dynamic 
equivalent  circuit  model  being  invalid  for  frequencies  beyond  LSE  mode 
cut-off. 

The  package  widths  considered  were  W^=2mm  (W^/h=20)  and  W^=3mm  (Wg/h=30). 
For  smaller  package  widths  the  cut-off  frequency  of  the  LSM^  mode  is  higher 
than  the  maximum  frequency  of  interest  and  for  larger  package  widths  the 
second  LSM  mode  becomes  significant  in  the  frequency  range  of  interest  beyond 
cut-off.  In  this  case  the  validity  of  the  dynamic  equivalent  circuit  model 
would  be  exceeded. 

Open  end  strip  widths  between  w=0.4mm  (w/h=40)  and  w=10pm  (w/h  =  0.1)  were 
used  in  the  database  generation. 
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Investigation  of  the  package  resonances  for  various  open  end  discontinuity 
configurations  highlighted  that  computer  matching  for  fine  tuning  of  the 
analytic  formula  of  the  transformer  ratio  required  a  very  high  numerical 
effort  and  the  reflection  phase  coefficient  needs  the  computation  of  a  large 
number  of  frequencies  near  package  resonance  to  obtain  accurate  behaviour. 

From  the  study  of  all  these  open  end  configurations  the  final  analytic 
formul  a 


N'  =  a^  [cos  {-^  .  -  cos(-^  . 

Weff  =  Zq  .  h/Z^  /eeff,  where  (Z^  =  IZOti  ohms) 

was  developed  for  strips  positioned  in  the  middle  of  the  package  where  the 

parameter  a^  is  a  fine  tuning  parameter.  In  Figs.  9.4-7  representative 
results  demonstrate  the  degree  of  accuracy  achieved  with  this  final  analytic 
formula  with  ^^  =  1.  In  the  figures  is  the  feedstrip  position  along  the 

package  width,  x  the  feed  length  and  x  the  package  length. 

Due  to  the  CPU  time  limitations  outlined  it  was  not  possible  to  quantify  the 
relative  maximum  deviation  or  a  mean  deviation  for  the  above  analytic 
formula.  A  deviation  in  the  resonance  frequency  of  about  1%  is  large  enough 
to  cause  a  high  maximum  deviation  in  the  reflection  coefficient  phase  for 
frequencies  near  package  resonance.  The  deviation  of  the  predicted  resonance 
frequency  is  a  more  suitable  measure  of  accuracy  and  is  estimated  to  be  less 
than  about  2Z. 

A  whole  variety  of  open  end  configurations  for  strip  widths  of  w=0.4mm  to 
w=10um,  for  package  widths  of  2mm  and  3mm  and  for  package  heights  of  0.5mm 

and  1mm  were  analysed  by  setting  the  remaining  fine  tuning  parameter  to  3^=1, 
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Fig.  9. 
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4:  Sll  open  end  transformer  ratio  verification,  first  configuration 
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Fig.  9.5:  Sll  open  end  transformer  ratio  verification,  second  configuration 
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Fig.  9,6:  Sll  open  end  transformer  ratio  verification,  third  configuration 
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Fig.  9.7:  Sll  open  end  transformer  ratio  verification,  fourth  configuration 


independent  of  strip  width,  package  width  or  package  height.  To  avoid  very 
high  CPU  times  for  data  base  generation,  strip  widths  less  than  10  pm  were 
not  reconsidered  in  this  final  data  base.  Moreover,  it  was  found  that  the 
behaviour  of  the  LSM^  mode  excitation  (transformer  ratio)  is  nearly 
independent  of  width  w  for  very  small  widths,  thus  eliminating  the  necessity 
of  such  additional  data. 

As  outlined  in  Section  7,  the  transformer  ratio  provides  the  correct 
description  of  the  coupling  between  the  fundamental  microstrip  mode  and  the 
LSMq  package  mode  for  frequencies  beyond  LSMq  mode  cut-off,  fQ.  In  that 
section  the  transformer  ratio  has  been  made  dynamic  for  frequencies  below 
the  LSMq  mode  cut-off  by  the  introduction  of  a  correction  factor 

=  N'  .  cos^^(0.5  Tc.(f-fQ)/fQ),  f<fQ. 

where  the  fine  tuning  parameter  f^  can  be  fixed  to  the  value  of  2  for  most 
open  end  cases  in  order  to  reduce  the  model  complexity. 

For  each  open  end  configuration  under  investigation  the  optimum  value  of  the 
parameter,  fg  was  determined  as  the  parameter  f^'  =  where 

is  the  LSMq  mode  cut-off  frequency,  by  computer  fitting  the  frequency 
dependent  scattering  parameters.  The  mean  deviation  Fmean,  the  maximum 

deviation  Fmax  (in  degrees)  and  the  maximum  deviation  Fmaxr  (in  %)  between 
the  phase  of  the  reflection  coefficients  taken  from  the  data  base  and  the 
equivalent  circuit  model,  were  determined  and  are  given  in  Table  2  (Section 
9.4)  for  each  open  end  configuration.  The  individually  fitted  parameters  fg 
are  dependent  on  the  geometry  of  the  open  end  configurations.  The  maximum 
deviation  is  less  than  2®.  The  computer  based  fitted  values  and  the 
deviation  are  based  on  a  frequency  range  0<f<0.85  This  restriction  was 

introduced  during  optimisation  because  a  small  deviation  in  the  predicted 
package  resonance  frequency  causes  significant  deviations  in  the  reflection 
coefficient  phases  for  frequencies  close  to  package  resonance.  This 
sensitiv  range  had  to  be  avoided.  The  results  in  Figs.  9.8-10  show  the 
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Fig.  9.8:  Sll  open  end  model  verification,  first  configuration 
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Fig.  9.9:  Sll  open  end  model  verification,  second  configuration 
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Geometry:  !ai=  .100  h=  .100  H=  .50  Ws=2.000  xm=  .5»Ws  xs=  .599  xp=  .797 
r0‘(5  FG1=  68.9  rG2=  173.1  FRES-  186.5  F0=  1.56  Fl=  2.00 

f/GHz 


Fig.  9.10;  Sll  open  end  model  verification,  third  configuration 
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reflection  coefficients  calculated  from  the  equivalent  circuit  model  together 
with  ful  1 -wave  results.  The  optimised  parameter  f^'  was  found  in  most  cases 
to  be  greater  than  1  except  for  configurations  with  a  substrate  width 
Ws=0. 5mm. 


The  analytic  formula  for  would  have  to  include  a  dependence  on  package 
length  and  the  discontinuity  position  in  the  package.  From  modelling,  a 
simple  analytic  formula  for  the  parameter  fQ  was  obtained.  This  formula  is 

ffl  =  1.4  .  (1  +  exp(-0.0638  .  (W^/h)  .  H/h)  ). 

(1  -  2.33  .  exp{-0.33  .  W^/h)  ) 

In  order  to  verify  the  final  analytic  formulae  additional  discontinuity 
configurations  with  strip  width  200pm,  50pm,  20pm  and  10pm  were  analysed.  In 
Table  3  (Section  9.4)  the  mean  deviation  Fmean  and  the  maximum  deviations 
Fmax  and  Fmaxr  are  listed  for  all  investigated  open  end  configurations.  The 
maximum  deviation  is  less  than  2.5%.  A  comparison  of  the  reflection, 
coefficient  phase  of  the  fundamental  microstrip  mode  and  the  data  base 
results  demonstrate  the  accuracy  of  the  analytic  formulae. 

9.3.  OPEN  END  MODEL  SUMMARY 

A  summary  of  the  analytic  formulae  for  the  open  end  discontinuity  is  given 
in  this  section  where  P  and  g^^^’^’icrostrip  computed  according 

to  procedures  in  Section  4.  Units  are  MKS  unless  indicated  otherwise. 


Quasi -static  open  end  length 


di/h  =  fi  *  f2  *  f3 


fi=  0.4372 


(1  + 


eeff 


0.449 

TOT 


43.1890 


)  (1  - 


f2  =  1  -  0.1248  *  exp  (-3.7259*w/h) 


0.634 

43.87 


2 

f3  =  1-  0.0385  *  h/w  *  (1-  —  *  atan{Ws/h)  ) 
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Transformer  Ratio 


N  =  Ndyn 
M  =  -Ndyn 


Ndyn  = 
N'  = 

Weff  = 


N'*  COS^  (  0.5*-tr*(f-fo)/fo  ) 

f<fo 
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f  >fo 

TT 

ir  , 
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Zo  *  h  /  /  \/ 

fo  =  fc  *  1.4  *  (  1  -I-  exp(-0.0638  *  Ws/h  *  H/h)  )*  (1  -  2.33  *  exp(-0.33  *  Ws/h)) 
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Range  of  Model  Validity 

The  above  models  are  valid  for  =  12.9  and  the  following  geometric  ranges 

quasi-static  model:  BOum  <  h  <  200um 

0.025<  w/h  <  4 

5  <  Ws/h  <  30 

5  <  H/h  <  20 


.140. 


dynamic  model : 


0.2  <  w/h  <  1 

5  <  Ws/h  <  30 

5  <  H/h  <  20 


where  the  quasi-static  model  is  the  open  end  length  and  the  dynamic  model  is 
that  of  Fig.  9. 3. 

The  dynamic  model  range  is  valid  for  0  <  f*h  <  12  GHz  mm.  Package  mode 
coupling  has  little  influence  for  0  <f*h  <  3  GHz  mm  and  the  quasi-static 
formulae  can  be  used  on  their  own. 
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Table  1 


??EN  END  jECMETRY 


H 

w 

WS 

HH 

XP 

XFEED  FC_1 

.  10 

.  1000 

.48 

.50 

1.075 

.533 

.994 

- 

.  1 0 

.0500 

.50 

.50 

1.106 

.550 

.984 

.  10 

.0200 

.50 

.50 

1.130 

.565 

.975 

4 

.  10 

.0100 

.50 

.50 

1.140 

.570 

.961 

5 

.  10 

.0050 

.50 

.50 

1.147 

.573 

.965 

6 

.  10 

.0025 

.50 

.50 

1.155 

.575 

.908 

.  10 

.1000 

.48 

1.00 

1.075 

.533 

1.000 

8 

.  10 

.0500 

.50 

1.00 

1.100 

.550 

.982 

9 

.  10 

.0200 

.50 

1.00 

1.130 

.565 

.976 

10 

.  10 

.0100 

.50 

1.00 

1.140 

.570 

.963 

11 

.  10 

.0050 

.50 

1.00 

1.147 

.573 

.966 

12 

.  10 

.0025 

.50 

1.00 

1.155 

.575 

.909 

13 

.  10 

.1000 

.48 

3.00 

1.075 

.533 

1.000 

14 

.  10 

.0500 

.50 

3.00 

1.100 

.550 

.981 

15 

.  10 

.0200 

.50 

3.00 

1.130 

.565 

.977 

16 

.  10 

.0100 

.50 

3.00 

1.  140 

.570 

.963 

17 

.  10 

.0050 

.50 

3.00 

1.147 

.573 

.966 

18 

.  10 

.0025 

.50 

3.00 

1.155 

.575 

.909 

19 

.  10 

.2000 

.97 

.50 

1.033 

.517 

1.007 

20 

.  10 

.  1000 

.98 

.50 

1.075 

.533 

1.000 

21 

.  10 

.0500 

1.00 

.50 

1.  106 

.550 

.986 

22 

.  10 

.0200 

1.00 

.50 

1.130 

.565 

.979 

23 

.  10 

.0100 

1.00 

.50 

1.140 

.567 

1.000 

24 

.  10 

.0050 

1.00 

.50 

1.150 

.575 

1.026 

25 

.  10 

.2000 

.  .97 

1.00 

1.033 

.517 

1.010 

26 

.  10 

.  1000 

.98 

1.00 

1.075 

.533 

1.000 

27 

.  10 

.0500 

1.00 

1.00 

1.100 

.530 

.982 

28 

.  10 

.0200 

1.00 

1.00 

1.130 

.565 

.979 

29 

.  10 

.0100 

1.00 

1.00 

1.140 

.567 

1.000 

30 

.  10 

.0050 

1.00 

1.00 

1.150 

.575 

1.027 

31 

.  10 

.2000 

.97 

3.00 

1.033 

.517 

1.010 

32 

.  10 

.  1000 

.98 

3.00 

1.075 

.533 

1.000 

33 

.  10 

.0500 

1.00 

3.00 

1.100 

.550 

.983 

34 

.  10 

.0200 

1.00 

3.00 

1.130 

.565 

.979 

35 

.  10 

.0100 

1.00 

3.00 

1.140 

.567 

1.000 

36 

.  10 

.0050 

1.00 

3.00 

1.150 

.575 

1.017 

37 

.  10 

.4000 

3.00 

.50 

.988 

.494 

1.000 

38 

.  10 

.2000 

2.97 

.50 

1.033 

.517 

1.000 

39 

.  10 

.  1000 

2.98 

.50 

1.075 

.533 

.990 

40 

.  10 

.0500 

3.00 

.50 

1.106 

.550 

.980 

41 

.  10 

.0200 

3.00 

.50 

1.130 

.560 

1.010 

42 

.  10 

.0100 

3.00 

.50 

1.140 

.570 

1.017 

43 

,  10 

.  4000 

3.00 

1.00 

.988 

.494 

1.005 

44 

.  10 

.2000 

2.97 

1.00 

1.033 

.517 

1.000 

45 

.  10 

.  1000 

2.98 

1.00 

1.075 

.533 

.995 

46 

.  10 

.0500 

3.00 

1.00 

1.  100 

.550 

.979 

47 

.  10 

.0200 

3.00 

1.00 

1.130 

.560 

1.017 

48 

.  10 

.0100 

3.00 

1.00 

1.140 

.570 

1.018 

49 

.  10 

.  4000 

3.00 

3.00 

.988 

.494 

1.009 

50 

.  10 

.2000 

2.97 

3.00 

1.033 

.517 

1.005 

51 

.  10 

.  1000 

2.98 

3.00 

1.075 

.533 

1.000 

e,  o 

.  10 

.0500 

3.00 

3.00 

1.100 

.550 

.982 

5  3 

.  10 

.0200 

3.00 

3.00 

1.130 

.560 

1.015 

54 

.  10 

.0100 

3.00 

3.00 

1.140 

.570 

1.025 

-■  - 

•  * 

.  ICOO 

.73 

.50 

1.075 

.533 

1.000 

5" 

.  :c 

.0500 

.75 

.50 

1.  106 

.550 

.986 

- 

.  10 

.0200 

.75 

.50 

1.130 

.565 

.977 

58 

.  10 

.0100 

.75 

.50 

1.140 

.570 

.961 

59 

.  10 

.0050 

.75 

.50 

1.150 

.575 

1.016 
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Table  2 

I 


O  \J 

.  10 

.0025 

.75 

.50 

1.155 

.575 

.910 

6 1 

.  10 

.  1000 

.73 

1.00 

1.075 

.533 

1.000 

62 

.  10 

.0500 

.75 

1.00 

1.100 

.550 

.983 

5  3 

.  10 

.0200 

.75 

1.00 

1.130 

.565 

.  979 

6  4 

.  10 

.0100 

.75 

1.00 

1.140 

.570 

.967 

5  5 

.  10 

.0050 

.75 

1.00 

1.  150 

.575 

1.017 

56 

.  10 

.0025 

.75 

1.00 

1.155 

.575 

.911 

.  10 

.  1000 

.73 

3.00 

1.075 

.533 

1.000 

68 

.  10 

.0500 

.75 

3.00 

1.100 

.550 

.982 

69 

.10 

.0200 

.75 

3.00 

1.130 

.565 

.979 

70 

.  10 

.0100 

.75 

3.00 

1.  140 

.570 

.963 

'  1 

.10 

.0050 

.75 

3.00 

1.150 

.575 

1.017 

72 

.  10 

.0025 

.75 

3.00 

1.155 

.575 

.911 

CPEN  END  GEOMETRY  OPTIMIZED  CORRECTION  FACTORS 


w 

W3 

HH 

XP 

XFEED 

FO* 

Fmean 

Fmax 

Fmaxr 

.  100 

.50 

.50 

2.030 

.502 

.785 

.014 

.380 

.026 

.  100 

.50 

.50 

1.018 

.509 

.803 

.017 

.448 

.032 

3 

.  100 

.50 

.50 

.678 

.509 

.773 

.019 

.477 

.034 

4 

.  100 

.  50 

.50 

1.526 

.378 

.934 

.010 

.246 

.044 

5 

.  100 

.  50 

.50 

.763 

.380 

.931 

.011 

.246 

.044 

6 

.  100 

.50 

.50 

.509 

.380 

.922 

.013 

.491 

.024 

10 

.  100 

.  50 

1.00 

2.030 

.  502 

.633 

.017 

.432 

.030 

^  I 

.  100 

.50 

1.00 

1.018 

.509 

.650 

.021 

.501 

.036 

•s 

.  100 

.50 

1.00 

.678 

.509 

.626 

.024 

.653 

.039 

13 

.  100 

.50 

1.00 

1.526 

.378 

.758 

.011 

.326 

.042 

14 

.  100 

.50 

1.00 

.763 

.380 

.764 

.011 

.  386 

.042 

15 

.  100 

.50 

1.00 

.509 

.  380 

.750 

.014 

.595 

.025 

19 

.  100 

1.00 

.50 

2.030 

.502 

1.136 

.008 

.325 

.016 

20 

.  100 

1.00 

.5U 

1.018 

.  509 

1.172 

.010 

.263 

.025 

21 

.  100 

1.00 

.50 

.678 

.509 

1.133 

.010 

.252 

.024 

22 

.  100 

1.00 

.50 

1.526 

.378 

1.484 

.013 

.416 

.051 

23 

.  100 

1.00 

.50 

.763 

.380 

1.412 

.011 

.272 

.051 

.  100 

1.00 

.50 

.509 

.380 

1.397 

.004 

.lit 

.029 

28 

.  100 

1.00 

1.00 

2.030 

.502 

1.012 

.007 

.214 

.017 

29 

.  100 

1.00 

1.00 

1.018 

.509 

1.008 

.010 

.279 

.025 

30 

.  100 

1.00 

1.00 

.678 

.509 

.967 

.012 

.299 

.026 

31 

.  100 

1.00 

1.00 

1.526 

.378 

1.332 

.013 

.419 

.050 

32 

.  100 

1.00 

1.00 

.763 

.  380 

1.261 

.011 

.290 

.050 

33 

.  100 

1.00 

1.00 

.509 

.  380 

1.253 

.004 

.  131 

.028 

1  7 

.  100 

2.00 

.50 

1.599 

.397 

1.803 

.014 

.665 

.035 

38 

.  100 

2.00 

.50 

1.599 

.795 

1.286 

.022 

1.168 

.052 

4 1 

.  100 

2.00 

.50 

1.198 

.599 

1.562 

.009 

.192 

.026 

42 

.  100 

1.97 

.50 

1.195 

.898 

1.210 

.022 

.827 

.040 

44 

.  100 

2.00 

.50 

.799 

.400 

2.147 

.012 

.355 

.031 

45 

.  100 

2.00 

.50 

.  797 

.  599 

1.536 

.019 

.941 

.041 

46 

.  100 

2.00 

1.00 

1.599 

.  397 

1.615 

.024 

1.726 

.062 

4'’ 

.  100 

2.00 

1.00 

1.599 

.795 

1.173 

.017 

.593 

.032 

48 

.  100 

2.00 

1.00 

1.591 

1.194 

.937 

.032 

.986 

.041 

50 

.  100 

2.00 

1.00 

1.  198 

.  599 

1.538 

.011 

.740 

.028 

c  • 

.  100 

1.97 

1.00 

1.195 

.  898 

1.112 

.015 

.827 

.033 

«  I 

.  ICO 

2.00 

1.00 

.799 

.400 

2.883 

.018 

.753 

.034 

54 

.  100 

2.00 

1.00 

.797 

.599 

1.480 

.007 

.506 

.021 

C  5 

.  100 

3.00 

.50 

1.599 

.397 

2.815 

.019 

.293 

.036 

5  6 

.  100 

3.00 

.50 

1.599 

.795 

1.618 

.030 

1.124 

.057 

58 

.  100 

3.00 

.50 

1.  199 

.299 

.428 

.017 

.498 

.043 

59 

.  100 

3.00 

.50 

1.198 

.  599 

1.962 

.020 

.766 

.035 

60 

.  100 

2.97 

.50 

1.195 

.898 

1.533 

.050 

1.695 

.092 

62 

.  100 

3.00 

.50 

.799 

.  400 

2.662 

.010 

.229 

.032 

63 

.  100 

3.00 

.50 

.797 

.599 

1.954 

.042 

1.954 

.091 

64 

.  100 

3.00 

1.00 

1.599 

.397 

1.632 

.007 

.171 

.038 

65 

.  100 

3.00 

1.00 

1.599 

.795 

1.510 

.024 

.733 

.035 

66 

.  100 

3.00 

1.00 

1.591 

1.194 

1.191 

.054 

1.547 

.077 

67 

.  100 

3.00 

1.00 

1.3  99 

.299 

.273 

.030 

1.301 

.054 

58 

.  100 

3.00 

1.00 

1.198 

.599 

1.919 

.010 

.733 

.027 

69 

.  100 

2.97 

1.00 

1.195 

.898 

1.441 

.024 

.876 

.050 

7 

.  100 

3.00 

1.00 

.799 

.400 

4.670 

.021 

.861 

.035 

"2 

.  100 

3.00 

1.00 

.797 

.599 

1.881 

.011 

.397 

.020 

143 


Table  3 


OPEN  END  GEOMETRY  OPTIMIZED  CORRECTION  FACTORS 


W 

ws 

HU 

XP 

XFEED 

FO'' 

Fmeam 

Fmax 

F.aaxr 

1 

.  100 

.50 

.50 

2.030 

.502 

.930 

.021 

1.499 

.064 

2 

.  100 

.  50 

.50 

1.018 

.509 

.930 

.024 

1.413 

.060 

3 

.  100 

.50 

.50 

.678 

.509 

.930 

.031 

2.044 

.090 

4 

.  100 

.50 

.50 

1.526 

.378 

.930 

.016 

.228 

.044 

5 

.  100 

.50 

.50 

.763 

.380 

.930 

.016 

.241 

.044 

6 

.  100 

.50 

.50 

.509 

.380 

.930 

.013 

.562 

.024 

10 

.  100 

.50 

1.00 

2.030 

.502 

.805 

.025 

1.814 

.077 

11 

.  100 

.50 

1.00 

1.018 

.509 

.805 

.028 

1.746 

.074 

1 

^  t. 

.  100 

.50 

1.00 

.678 

.509 

.805 

.036 

2.405 

.105 

13 

.  100 

.50 

1.00 

1.526 

.378 

.805 

.016 

.642 

.043 

14 

.  100 

.50 

1.00 

.763 

.380 

.805 

.016 

.673 

.043 

15 

.  100 

.50 

1.00 

.509 

.380 

.805 

.014 

1.054 

.044 

1 9 

.  100 

1.00 

.50 

2.030 

.502 

1.332 

.018 

.837 

.042 

20 

.  100 

1.00 

.50 

1.018 

.509 

1.332 

.025 

1.034 

.051 

2 1 

.  100 

1.00 

.50 

.678 

.509 

1.332 

.040 

1.754 

.088 

22 

.  100 

1.00 

.50 

1.526 

.378 

1.332 

.021 

1.018 

.051 

23 

.  100 

1.00 

.50 

.763 

.380 

1.332 

.019 

.702 

.051 

24 

.  100 

1.00 

.50 

.509 

.380 

1.332 

.013 

.623 

.029 

28 

.  100 

1.00 

1.00 

2.030 

.502 

1.282 

.021 

1.021 

.048 

29 

.  100 

1.00 

1.00 

1.018 

.509 

1.282 

.026 

1.164 

.055 

30 

.  TOO 

1.00 

1.00 

.678 

.509 

1.282 

.040 

1.873 

.089 

31 

.  100 

1.00 

1.00 

1.526 

.378 

1.282 

.019 

.543 

.050 

32 

.  100 

1.00 

1.00 

.763 

.  380 

1.282 

.018 

.226 

.050 

33 

.  100 

1.00 

1.00 

.509 

.380 

1.282 

.009 

.173 

.028 

37 

.  100 

2.00 

.50 

1.599 

.397 

1.398 

.026 

.778 

.044 

38 

.  100 

2.00 

.  50 

1.599 

.795 

1.398 

.028 

1.169 

.052 

41 

.  100 

2.00 

.50 

1.198 

.599 

1.398 

.028 

.665 

.045 

42 

.  100 

1.97 

.50 

1.195 

.898 

1.398 

.046 

1.024 

.086 

44 

.  IOC 

2.00 

.50 

.799 

.400 

1.398 

.058 

2.109 

.  108 

45 

.  100 

2.00 

.50 

.797 

.599 

1.398 

.039 

.982 

.069 

46 

.  100 

2.00 

1.00 

1.599 

.397 

1.396 

.025 

1.648 

.059 

47 

.  100 

2.00 

1.00 

1.599 

.795 

1.396 

.025 

.638 

.040 

48 

.  100 

2.00 

1.00 

1.591 

1.194 

1.396 

.058 

1.292 

.116 

50 

.  100 

2.00 

1.00 

1.198 

.599 

1.396 

.018 

.750 

.028 

51 

.  100 

1.97 

1.00 

1.195 

.898 

1.395 

.034 

.948 

.070 

53 

.  100 

2.00 

1.00 

.799 

.400 

1.396 

.038 

2.087 

.077 

54 

.  100 

2.00 

1.00 

.797 

.599 

1.396 

.015 

.507 

.022 

55 

.  100 

3.00 

.50 

1.599 

.397 

1.400 

.024 

1.192 

.052 

56 

.  100 

3.00 

.  50 

1.599 

.795 

1.400 

.045 

1.124 

.067 

58 

.  100 

3.00 

.50 

1.  199 

.299 

1.400 

.051 

.654 

.127 

59 

.  100 

3.00 

.50 

1.198 

.599 

1.400 

.053 

1.405 

.114 

60 

.  100 

2.97 

.50 

1.195 

.  898 

1.40C 

.055 

1.695 

.092 

62 

.  100 

3 . 00 

.  50 

.799 

.400 

1.40C 

.055 

1.666 

.  113 

63 

.  100 

3.00 

.  50 

.797 

.599 

1 . 400 

.085 

2.104 

.172 

64 

.  100 

3.00 

1.00 

1.599 

.397 

1.400 

.013 

.187 

.038 

65 

.  100 

3.00 

1.00 

1.599 

,795 

1 . 400 

.026 

.733 

.035 

66 

.  100 

3.00 

1.00 

1.591 

1.194 

1.400 

.051 

1.547 

.077 

67 

.  100 

3.00 

1.00 

1.199 

.299 

1.400 

.060 

1.301 

.131 

68 

.  100 

3.00 

1.00 

1.198 

.599 

1.400 

.028 

.733 

.058 

69 

.  100 

2.97 

1.00 

1.195 

.898 

1.400 

.025 

.876 

.050 

71 

.  100 

3.00 

1.00 

.799 

.400 

1.400 

.039 

1.798 

.066 

72 

.  100 

3.00 

1.00 

.797 

.599 

1.400 

.037 

1.036 

.081 

76 

.050 

.50 

1.00 

1.754 

.525 

.805 

.020 

.874 

.065 

*7  *T 

.020 

.50 

1.00 

1.812 

.540 

.805 

.022 

.248 

.034 

78 

.010 

.50 

1.00 

1.841 

.547 

.805 

.025 

.117 

.041 

79 

.200 

.97 

.50 

1.620 

.481 

1.325 

.020 

1.554 

.046 
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80 

.  050 

1.00 

.50 

1.754 

.525 

1.332 

.016 

.450 

.037 

81 
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10. 


MICROSTRIP  GAP  MODEL 


The  physical  structure  of  the  gap  discontinuity  in  a  package  showing  the  two 
current  source  areas  used  in  the  full  wave  analysis  is  shown  in  Fig.  10.1. 


Microstrip  gap  discontinuity 


The  structure  represents  two  microstrip  lines  of  width  w^,  and  lengths  x^, 
X2  and  source  length  1^  respectively,  separated  by  a  gap  s.  The  microstrip 
structure  is  positioned  centrally  in  a  package  of  width  w^,  cover  height,  H 
and  situated  on  a  substrate  of  thickness  h. 


gap 


Fig.  10.2:  Equivalent  circuit  for  the  gap  discontinuity 
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Fig.  10.2  shows  the  4-port  equivalent  circuit  for  the  gap  discontinuity. 
This  model  contains  a  quasi -static  equivalent  circuit  for  the  discontinuity 
description  of  the  fundamental  microstrip  mode  and  a  transmission  line 
between  the  reference  planes  which  describes  the  behaviour  of  the  parasitic 
LSMq'  mode.  The  transformers  Ml  and  N2  represent  the  coupling  between  the 
fundamental  microstrip  modes  and  the  parasitic  LSMq'  modes  and  the  LSM^'  mode 
ports  are  loaded  with  transmission  lines.  These  transmission  lines  are 
terminated  by  a  short  circuit  to  represent  the  electric  end  walls  of  the 
package  (see  Fig.  10.3). 


-H  h"  h"  *1  ^  "H  H  *s  h 


m 

n 

mm 
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transformers 


Fig.  10.3:  Dynamic  equivalent  circuit  of  the  microstrip  gap  in  a  package 

In  this  circuit  the  transformers  and  M2  represent  the  excitation  of  the 
LSMq  mode  at  the  current  sources. 

10.1.  ANALYTIC  FORMULA  FOR  THE  STATIC  MODEL 

The  first  step  in  obtaining  a  suitable  gap  model  is  the  development  of 
analytic  formulae  for  the  quasi -static  circuit  part.  In  the  case  of  the 
microstrip  gap  discontinuity  this  means  the  determination  of  analytic 
formulae  for  the  three  capacitances  of  the  u-equivalent  circuit,  Fig.  10.4. 
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jji\± 


Fig.  10.4;  it-equi  val ent  circuit  model  for  the  quasi -static  microstrip  gap 
discontinuity. 

In  order  to  determine  these  formulae  a  quasi -static  S-parameter  data  base  was 
generated  over  the  geometric  range  of  interest.  A  total  of  960  different  gap 
configurations  were  analysed.  However  this  number  of  different  gap 
configurations  was  reduced  by  omitting  certain  possible  combinations  because 
of  higher  mode  excitation. 

The  dielectric  constant  was  fixed  to  c^=  12.9  (GaAs). 

The  position  of  the  strips  was  fixed  to  the  centre  of  the  package  (X|^= 
0.5*w^l.  To  cover  the  geometry  range  from  1mm  to  3mm  for  both  package 
lateral  dimensions  for  substrate  thicknesses  of  h=0.05mm  to  0.2mm,  the  range 
of  normalized  package  parameters  w^/h  and  H/h  for  the  data  base  generation 
was  set  5  <  w^/h,  H/h  <60.  Upper  limit  configurations  were  eliminated 
because  high  H/h  ratios  caused  excitation  of  LSE  modes  in  the  package  and 
high  w^/h  ratios  the  excitation  of  the  second  LSM  mode  with  in  the  frequency 
range  of  interest.  Therefore,  considering  a  0.1mm  substrate,  the  physical 
parameter  range  for  the  data  base  generation  was  fixed  to  0.5  <  w^<  3mm  and  1 

<  H  <  3mm. 

The  data  base  was  generated  for  the  following  normalized  strip  and  gap 
widths.  0.025  <  w^/h  <  4,  1  <  W2/w^  <  3  and  0.1  <  g/h  <  1.5.  With  respect 
to  a  0.1mm  substrate,  this  means  denormal i zed  parameter  ranges  of  2.5jim  <  Wj^ 

<  400Mm,  1  <  W2/w^  <  3  and  lOpm  <  g  <  150nm. 
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For  the  0.1  mm  substrate,  the  configurations  were  analysed  over  the  frequency 
range  0-120  GHz,  equivalent  to  0-60  GHz  for  a  0.2  mm  substrate.  The 
normalised  frequency  range  is  in  both  cases  0  <  f*h  <  12GHz*mm.  For  the 
quasi -static  modelling  the  S-parameter  database  was  used  for  frequencies  up 
to  30  GHz. 

Convergence  investigations  were  done  for  some  configurations  with  respect  to 
the  number  of  expansion  functions  and  spectral  density.  It  was  found  that 
the  computation  accuracy  increased  with  the  number  of  expansion  functions  and 
spectral  density.  Furthermore  the  analysis  of  discontinuity  configurations 
with  narrow  strips  required  a  higher  spectral  density  than  the  analysis  of 
wide  strip  configurations.  As  a  result  the  accuracy  of  the  data  base 
generation  for  narrow  strips  is  less  than  the  accuracy  achieved  for  wide 
strips.  The  accuracy  of  the  scattering  parameter  phase  is  expected  to  be 
better  than  5%. 

The  generation  of  final  quasi -static  formulae  was  completed  by  fitting  the 
scattering  parameters  of  the  gap  database  configurations  to  the  equivalent 
circuit  model  by  computer  matching.  As  with  the  open  end  discontinuity 
correction  factors  of  the  form. 

.  _  Ci  data  base _  •  ,  ^  ^ 

'c-Ci  Ci  state-of-the-art  ’  ’ 

I 

were  generated  for  final  model  tuning,  the  state-of-the-art  analytic  formulae 

state  of-the  art  taken  from  published  literature  (1).  The 

correction  factors  f^  were  found  to  have  a  value  near  1  except  for  very 
small  strips  of  width  Sum  and  2.5uni.  The  maximum  relative  deviation  between 
the  data  base  and  the  previous  formulae  for 

I  ^-^ii  '  ^ij  I 

•^state-of-the-art  data  base 

1.82%  for  Sll,  4.12%  for  S22  and  48.5%  for  S12.  The  average  errors  are 
0.177%  for  Sll,  0.181%  for  S22  and  15.2%  for  S12. 
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Using  as  a  base  the  state-of-the-art  analytic  formulae,  the  final  analytic 
formula  for  the  quasi-static  gap  capacitances  are 

2*-:7*f  *  C3  /  mS  =  Q1  *  T  *(f/GH2)  *  (h/mm)  *  exp  (-2.011’g/h*(1.-0.11 1*wi/h  f 

•  (1-4.12  *  (1-exp(-0.6688*(h/wi)°-®  *  (wz/wi)  )  ) 

•  (1.+0.966*exp(-14.47’g/h  +  0.6645*wi/h)  ) 

Q1  =0.0594  *  (0.0428  *  (1-0.5895  *  (wWh)) 

1.213/(1 -t-0.0985*(W2/wi-1)’’  ^ 

+  (wi/h)  ) 

2*-::*f  •  r,  /  mS  =  2-  *  (f/GHz)  *  (Ci  open  end  /pF)  *  (Q2  +  Q3)  /  (1  -t-Q2) 

2*i7*f  *  C2  /  mS  =  2-  *  (f/GHz)  *  (C2  open  end  /pF)  *  (Q2-t-Q4)  /  (1  +Q2) 

Q2  =0.1381  *  (wi/h-t-9.0)  *  ^  -(■ 

2.25  *  (g/h)’ *  (1.52-1-0.389  *  wi/h)  /  (1-1-0.792  *  wi/h) 

03  =  exp(  -0.9545*(w2/wi)'-2^  )  -  0.37 
04  =exp(  -0.9545*(wi/W2)’'^^  )  -  0.37 


where  the  abbreviations  C,  and  C,  denote  the  static  open 

1  open  end  2  open  end 

end  capacitances  of  the  microstrips  of  width  w^^  and  W2,  respectively,  and 


'open  end 


end’ 


where  9  is  the  gap,  z  "ntrostnp  microstrip  characteristic  impedance 

and  p  the  microstrip  propagation  constant. 

I 

The  maximum  relative  deviation,  between  the  data  base  and  the  new  formula 
is  1,14%  for  Sll,  1.68%  for  S22  and  7.44%  for  S12.  The  average  errors 
based  on  all  discontinuity  configurations  investigated  are  0.142%  for  Sll, 
0.140%  for  S22  and  2,8%  for  S12.  The  mean  deviation  and  maximum  deviations 
for  scattering  parameters  Sll  and  S22  are  obviously  very  small.  The  maximum 
relative  deviations  for  parameter  S12  are  found  for  large  gap  widths,  where 
the  absolute  values  of  elements  C3  of  the  u-equi valent  circuits  are  very 
small,  in  Table  1  (Section  10.5)  the  geometry  parameters,  the  mean  deviation 
from  the  data  base  scattering  parameters  (in  dBs)  and  the  deviation  of  the 
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susceptance  (in  mS)  of  the  elements  of  the  it-equivalent  circuit  to  the  data 
base  values  are  listed  for  f*h=2.54.  This  normalised  frequency  was  chosen  to 
show  the  accuracy  of  the  state-of-the-art  analytic  formulae.  The  accuracy, 
originally  given  as  a  susceptance  absolute  error,  is  better  than  O.lmS.  Such 
a  degree  of  accuracy  is  a""  so  obtained  by  the  new  analytic  formulae  for  the 
static  part  of  the  discontinuity  model,  but  at  the  same  time  it  is  valid  for 
an  increased  parameter  range  for  very  large  and  very  narrow  strips. 

10.2.  DESCRIPTIONS  OF  THE  TRANSFORMERS  IN  THE  DYNAMIC  MODEL 

Preliminary  analyses  (Figs.  10.5-8,  where  G  is  the  gap  parameter  s  and  xp  the 
package  length),  show  that  the  coupling  between  the  fundamental  microstrip 
mode  and  the  parasitic  LSMq  mode  is  well  described  by  the  dynamic  circuit 
model  using  an  approximate  value  for  the  LSM  effective  dielectric  constant. 
The  good  agreement  between  the  full -wave  results  and  those  predicted  by  the 
gap  model  was  achieved  by  making  use  of  the  transformer  ratio  formulae 
developed  in  the  open  end  discontinuity  model.  In  order  to  refine  the 
transformer  ratios  formulae  for  the  general  case  the  coupling  between  the 
fundamental  microstrip  mode  and  the  LSM^  package  mode  was  further  studied. 

In  preparation  for  a  more  in  depth  study  a  full  wave  data  base  was  generated 
for  the  following  geometric  parameters: 

strip  width  w^^ :  400^m,  lOO^xm,  20um,  lOiam 
strip  width  ratio  w^/w2:  1,  2,  3 
gap  widths:  lOOpm,  SO^m,  20Mm,  10|im 
substrate  width  W^:2mm,  3mm 
cover  height  H:05mm,  1mm 

This  combination  of  geometric  parameters  represented  a  total  of  192 
configurations  of  which  a  subset  of  117  configurations  was  selected. 
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Geometry:  ul=  .020  u2=  .020  G=  .050  h=  .100  H=  .50  Ws=2.000  xp=1.366 

f/GHz 

72.  76.  80.  84.  88.  92.  98.100.104.108.1  12.116.120. 


Fig.  10.5:  Sll  of  microstrip  gap:  gap  0.05  mm 


Geometry:  uil=  .020  u2=  .020  G=  .050  h=  .100  H=  .50  Ws=2.000  xp  =  1.966 


f/GHz 
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Fig.  10.6:  S12  of  microstrip  gap:  gap  0.05  mm 
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Geometry:  uil=  .020  ui2 


0  G=  .100  h=  .100  H=  .50  Ws=2.000  xp=l.966 


f/GHz 
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Fig.  10.7:  Sll  of  microstrip  gap:  gap  0.10  mm 


Geometry:  ujl=  .020  u)2=  .020  G=  .100  h=  .100  H=  .50  Hs=2.000  xp  =  1.966 


f/GHz 
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Fig.  10.8:  S12  of  microstrip  gap:  gap  0.10  mm 
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In  model  element  de-embedding  procedure  the  dynamic  equivalent  circuit  of 
Fig.  10.3  was  used.  During  the  de-embedding  the  following  assumptions  were 
made: 

-  the  transformer  ratios  N1  and  N2  to  be  calculated  using  the  same  analytic 
formulae,  introducing  the  respective  strip  width  of  the  feed  lines  and 
the  transformer  ratios  Ml  and  M2  to  be  determined  by  setting:  M1=-N1  and 
arid  M2=-N2 

The  negative  signs  of  the  transformer  ratios  Ml  and  M2  are  related  to  the 
way  of  connecting  the  ports  of  the  transformer  ports  to  the  equivalent 
circuit.  This  also  considers  that  for  zero  current  sources  the  parasitic 
wave  excitation  at  the  source  ends  has  the  same  mechanism  as  at  the  gap 
ends . 


The  optimum  values  of  the  transformer  ratios  for  every  single  gap 

configuration  were  determined  by  fitting  the  equivalent  circuit  model  to  the 
full -wave  data  base  sets.  It  was  found  that  the  analytic  formulae  for  the 
transformer  ratios  developed  for  the  open  end  discontinuity  have  to  be 
modified  by  a  multiplication  factor  of  about  0.6  to  obtain  an  optimum  fit  in 
the  data  base.  With  this  modification,  the  final  analytic  formula  for  the 
transformer  ratios  N1...M2  is: 


_  7  u/7  microstrip  ,/  microstrip 

'^eff,i  ■  ^o'"^^L,i  ^''^eff,i 


where  =  IZOu  ohms. 


A  parallel  investigation  showed  that  for  narrow  gap  widths  in  which  the  strip 
to  strip  interaction  is  quite  strong,  the  open  end  transformer  value  does  not 
fit  the  formulae.  The  optimum  transformer  ratios  N^p^  computed  by  fitting 
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Hs-3.000  xp=l.?3? 


the  equivalent  circuit  model  S-parameters  to  the  data  base  sets  have  been 
related  to  the  analytical  predictions  and  are  given  in  Table  2  {Section  10.5) 
in  the  indirect  form 

FC_N=Nopt/Nanalyti c  * 

As  can  be  seen  for  most  of  the  discontinuity  configurations  the  factor  FC_N 
has  a  value  near  1,  deviations  of  up  to  44%  occurring.  These  larger 
deviations  however  do  not  indicate  an  incorrectly  predicted  transformer 
ratio.  It  was  found  that  if  the  predicted  resonance  frequency  in  the 
equivalent  circuit  model  differs  slightly  from  the  numerically  computed 
resonance  frequency,  the  model  fitting  became  sensitive.  To  overcome  these 
difficulties,  the  frequency  range  0*9*fpg5  <  fpgg  <  ^■^*^res 
considered  in  a  computer  refitting  for  most  of  the  configurations  with  the 
result  that  the  above  formulae  were  found  to  be  correct. 

The  Figs.  10.9-10  show  the  magnitude  and  the  Sll  phase  of  a  symmetrical  gap 
configuration  of  20(im  strip  width;  gap  widths  of  BOpm,  and  lO^m.  A  second 
set  of  SI 2  results  for  strip  width  Wj^=20um  and  W2=60^im;  gap  widths  of  lOOum 
and  10^im  is  given  in  Figs.  10.11-12.  In  the  third  set  of  gap  configurations, 
the  strip  width  ratio  has  been  changed  from  a  value  of  1  to  3  for  fixed  strip 
widths  of  lOO^m  and  a  gap  width  of  50(im.  These  results  are  given  in  Figs. 
10.13-14  for  S12. 

These  results  and  others  show  that  the  strength  of  the  coupling  between  the 
fundamental  microstrip  mode  and  the  parasitic  LSMq  mode  can  be  predicted  by 
applying  the  above  analytic  formulae  for  the  transformer  ratios  in  the  gap 
equivalent  circuit  model  with  good  agreement. 


.158. 


10.3.  TRANSFORMER  ANALYTIC  FORMUALE  FOR  THE  FREQUENCY,  TRANSITION  REGION 


Having  developed  formulae  for  the  quasi -static  model  and  the  transformer 
ratios,  fundamental  microstrip  mode  and  the  parasitic  LSMq  mode  near  the 
package,  the  equivalent  circuit  model  was  refined  for  the  whole  frequency 
range  (0-120GHz)  including  frequencies  in  the  transition  region. 
Investigations  on  the  open  end  discontinuity  have  revealed  that  this  fine 
tuning  can  be  achieved  by  choosing  of  a  suitable  frequency  dependent  analytic 
formula  for  the  transformer  ratios. 


In  order  to  refine  the  model  a  data  base  was  generated  for  frequencies  lOGHz 
up  to  120GHz  for  different  gap  configurations  on  a  lOOiom  GaAs  substrate.  The 
data  base  covers  the  following  geometrical  parameters  of  the  gap 
discontinuity; 


stri  p  wi  dth  w^^ : 
strip  width  Wi^/W2. 
gap  width  s; 
substrate  width  W^: 
cover  height  H; 


400|im,  100|im,  20um,  10pm 
1,  1.5,  3 
lOOtam,  50pm,  20pm 
1mm,  1.5mm,  3mm 
0.5mm,  0.8mm,  1mm 


This  combination  of  geometric  parameters  results  in  a  total  of  324  different 
gap  configurations.  For  the  data  base  generation  this  high  number  was 
reduced  by  selecting  88  of  the  possible  combinations.  The  simulation  of 
structures  with  small  strip  and  gap  widths  was  avoided  to  reduce  the 
necessary  computer  time.  As  outlined  already  for  the  open  end  discontinuity 
this  does  not  limit  the  range  of  validity  of  the  final  circuit  model,  the 
coupling  between  the  fundamental  microstrip  mode  and  the  parasitic  LSMq  mode 
being  only  a  weak  function  of  strip  width  and  gap  width  for  narrow  feed 
lines.  Cover  heights  of  more  than  H=10*h  were  not  considered  to  ensure  that 
LSE  mode  cut-off  frequencies  were  beyond  the  maximum  frequency  of  interest. 
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The  dynamic  transformer  ratio  for  the  open  end  discontinuity 


%n  "  ^  ^  0.5*Tt*{f-fo)/fo), 

^dyn  =  N 


f<fo 

f>fo 


and 


=  fc  *  *  ^o'  exp(-0.0638  *  w^/h  *  H/h)  )* 

(1  -  2.33  *  exp(-0.33  *  W  /h)) 


was  used,  where  fQ '  and  fj^  were  found  by  fitting  the  S-parameters  of  the 
equivalent  circuit  model  to  the  numerical  data  sets. 


Table  3  (Section  10.5)  shows  the  optimised  fine  tuning  parameters  for  the  88 

different  gap  configurations.  The  mean  devations  F _ _  maximum  deviations 

mean 

3nd  relative  maximum  deviations  are  listed  in  Table  4  (Section 

max  maxr 

10.5)  where 


2  2  N. 

=  I  I  (  f  s, 

i=l  j=l  n=l 


data  base 


(fn)  -  / 


(jf|3.^data  base(f^,|, 

„  =  max  1  ) 

max  '  ij  '  n'  '  ij  '  n' 


F 

maxr 


max 


<.  analytic,,  .  .  _  data  base 
^ij  ^'n'  '  ^ij 


The  deviations  are  calculated  for  the  frequency  range  0  <  f  <  0'85*f^gg.  The 
mean  deviation  is  less  than  5%  for  all  the  gap  configurations.  The  relative 
maximum  error  shows  deviations  of  up  to  46%  for  some  of  the  data  sets.  These 
large  deviations  are  calculated  for  the  S12  large  gap  width  configurations. 
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Geometry:  .  100  u2=  . 100  G=  .050  h=  . 100  H=  .00  Ws=2.967 

F0-  1.00, 
f/GHz 


xp=l . 663 
Fl=  B.03 
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-10. 

-15. 

-20. 

-25. 

-30. 

-35. 

-40. 


Fig.  10.17:  Gap  model  verification  Sll  of  second  configuration 

Geometry:  ul=  .100  w2=  .100  G=  .050  h=  .100  H=  .00  Ws«2.967  xp=1.663 

r0-  1.00,  Fl=  8.03 
f/GHz 

10.  20.  30,  40.  50.  60.  70.  80.  90.  100.  110.  120. 

;  tii; 


.3 


,2 


.  1 


.0 


-.  1 

FULL-WOVE  DYN.  MODEL  STATIC 


Fig.  10.18:  Gap  model  verification  S12  of  second  configuration 


In  these  cases  the  magnitude  of  S12  is  quite  small.  If  the  respective 
absolute  maximum  deviations  are  considered,  it  can  be  seen  that  they  are 
comparatively  small  (see  e.g.  data  set  19.  ^=0.46,  F^^^=0.09)  and  it  can 

niaXi  maX 

be  concluded  that  the  accuracy  of  the  equivalent  circuit  model  is 
reasonable. 

It  was  found  that  parameter  f q  '  can  be  fixed  to  a  value  of  1.  This  means 
that  the  formula  for  parameter  fQ  is  the  same  as  that  for  the  open  end 
discontinuity.  However,  for  the  gap  discontinuity,  the  parameter  f^  was 
found  to  have  a  considerable  influence  on  the  magnitude  of  the  scattering 
parameters.  Its  value  cannot  be  kept  constant  and  must  be  defined  by; 

f^  =  1.32  *  (1  +  0.7311  *  (s/h)^*°®  )  *  (1  +  0.0094  *(  w^/h)^'^^) 

This  formula  considers  only  optimum  dependencies  of  the  fine  tuning  parameter 
fj^  on  the  geometrical  parameters.  Nevertheless,  the  achieved  degree  of 
accuracy  is  good.  In  Table  5  (Section  10.5)  the  deviation  factors 

3nd  F„,^^  are  listed  for  each  gap  configurations.  On  using  the 
developed  analytic  formula  for  the  parameter  fj^  instead  of  the  fitted 
discrete  values  a  slight  decrease  in  accuracy  was  observed.  In  order  to  show 
the  formulae's  accuracy  some  verification  results  are  presented  in  Figs. 
10.15-18. 

10.4.  GAP  MODEL  SUMMARY 

A  summary  of  the  analytic  formulae  for  the  microstrip  gap  discontinuity 
is  given  in  this  section,  where  z^ni^’crostrip  ^^^^microstrip  computed 

according  to  Section  4  and  g  is  the  model  gap  parameter  s.  All  units  are  MKS 
unless  stated  otherwise. 
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Quasi-static  capacitances  Cl,  C2  and  C3 


2*i7*f  *  C3  /  mS  = 


2*77*f  *  Cl  /  mS  = 
2*77*f  *  C2  /  mS  = 


Q1  *  -T  *(f/GHz)  *  (h/mm)  *  exp  (-2.011  *g/h*(1. -0.1 11*wi/h  f  -^^) 

*  {1-H4.12  *  (1-exp(-0.6688*(h/wi)°'®  *  (W2/W1)  )  ) 

*  (1.-(-0.966*exp(-14.47*g/h  -h  0.6645*wi/h)  ) 

Q1  =0.0594  *  (0.0428  *  (1-0.5895  *  (wi/h)) 

1.213/(1  -(-0.0985*(W2/wi-1)’'' 

+  (wi/h)  ) 

2Tr  *  (f/GHz)  *  (Cl  open  end  /pF)  *  (Q2  +  Q3)  /  (1  +Q2) 

2-  *  (f/GHz)  *  (C2  open  end  /pF)  *  (Q2  +  Q4)  /  (1  +Q2) 

Q2  =0.1381  *  (wi/h  +  9.0)  *  + 

2.25  *  (g/h)’-^'*  *  (1.52 -(-0.389  *  Wi/h)  /  (1  -(-0.792  *  Wi/h) 
Q3  =exp(  -0.9545*(w2/wi)^-^^  )  -  0.37 
04  =exp(  -0.9545*(wi/W2)’-^^  )  -  0.37 


The  abbreviations  Ci  and  denote  the  static  open  end 

1  open  end  2  open  end 

capacitances  of  the  discontinuity  feed  lines,  width  and  W2  respectively , 
where 

tan  (  3  *  dIopen  end  ) 

Copen  end  = 

3  =  2*T:*f  *  V  /  c  , 
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Transformer  ratios  Ml ,  N2 ,  Ml ,  M2 


N1  =  Ndyn(Wi) 

N2  =  Ndyn(W2) 

Ml  =  -N1.  M2  =  -N2 


Ndyn(Wi)  — 


N(Wi)  *  COS^^  (  0.5*Tr*(f-fo)/fo  ) 
N(wi) 


f<fo 
f  >fo 


N(Wi)  =  1.2/-  *  (  COS  (  —  *  (Ws  -  Weff(Wi))  )  -  COS  (  ^  *(Ws  +  Weff(Wi))  ) 

2Ws 


Weff(w)  =  Zo  *  h  /  /  V 

fo  =  fc  •  1.4  *  (  1  +  exp(-0.0638  *  Ws/h  *  H/h)  )*  (1  -  2.33  *  exp(-0.33  *  Ws/h)) 
fi  =  1.32  *  (  1  +  0.7311  *  (s/h)’  °®  )  *  (  1  +  0.0094  *  (Ws/h)^  ®®  ) 
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Range  of  Model  Validity 


The  above  gap  models  are  valid  for  =  12.9  and  the  following  geometric 
ranges : 


quasi-static  model : 


dynamic  model : 


o 

1 

<  h 

< 

200  lom 

0.025 

<  w/h 

< 

4 

1 

<  w2/wl 

< 

3 

0.1 

<  s/h 

< 

1.5 

5 

<  Ws/h 

< 

30 

5 

<  H/h 

< 

20 

0.1 

<  w/h 

< 

4 

1 

<  w2/wl 

< 

3 

0.1 

<  s/h 

< 

1 

5 

<  Ws/h 

< 

30 

5 

<  H/h 

< 

20 

where  the  quasi-static  model  is  that  of  Fig.  10.4  and  the  dynamic  model  that 
of  Fig.  10.2. 

The  dynamic  model  range  is  valid  for  0  <  f*h  <  12  GHz  mm.  Package  mode 
coupling  has  little  influence  for  0  <f*h  <  3  GHz  mm  and  the  quasi-static 
formulae  can  be  used  on  their  own. 
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Table  1 


W1 

W2 

G 

Ws 

H 

xp 

Sll 

Fmean  dB 
S12 

S22 

Cl 

mS 

C3 

C2 

.  4000 

.  4000 

.0444 

2.93 

1.00 

1.51 

.0012 

.0050 

.0012 

-.0152 

.0128 

-.0152 

.4000 

.4000 

.0889 

2.93 

1.00 

1.58 

.0067 

.0192 

.0067 

.0875 

.0226 

.0875 

.4000 

.6000 

.0889 

3.00 

1.00 

1.56 

.0042 

.0402 

.0038 

-.0530 

.0527 

-.0485 

.4000 

.4000 

.0444 

2.93 

3.00 

1.51 

.0016 

.0097 

.0016 

-.0201 

-.0266 

-.0201 

.4000 

.4000 

.0889 

2.93 

3.00 

1.58 

.0061 

.0093 

.0061 

.0796 

-.0076 

.0796 

.4000 

.6000 

.0889 

3.00 

3.00 

1 . 56 

.0009 

.0036 

.0052 

-.0119 

.0019 

-.0684 

.2000 

.2000 

.0444 

2.97 

1.00 

1.60 

.0020 

.0074 

.0020 

.0261 

-.0091 

.0261 

.2000 

.2000 

.0889 

2.97 

1.00 

1.64 

.0021 

.0250 

.0021 

.0270 

.0146 

.0270 

.2000 

.3000 

.0444 

3.00 

1.00 

1.58 

.0011 

.0164 

.0003 

.0130 

-.0255 

.0010 

.2000 

.3000 

.0889 

3.00 

1.00 

1.62 

.0032 

.0113 

.0026 

.0416 

-.0075 

.0334 

.2000 

.4000 

.0444 

2.93 

1.00 

1.56 

.0002 

.0093 

.0081 

-.0016 

.0130 

-.1045 

.2000 

.4000 

.0889 

2.93 

1.00 

1.60 

.0016 

.0058 

.0009 

.0202 

-.0044 

-.0112 

.2000 

.2000 

.0444 

2.97 

3.00 

1.60 

.0012 

.0145 

.0012 

.0155 

-.0191 

.0155 

.2000 

.2000 

.0889 

2.97 

3.00 

1.64 

.0020 

.0020 

.0020 

.0255 

-.0002 

.0255 

.2000 

.3000 

.0444 

3.00 

3.00 

1.58 

.0017 

.0289 

.0014 

.0199 

-.0456 

-.0167 

.  2000 

.  3000 

.0889 

3.00 

3.00 

1.62 

.0033 

.0410 

.0038 

.0416 

-.0295 

.0487 

.2000 

.4000 

.0444 

2.93 

3.00 

1.56 

.0002 

.0095 

.0081 

.0009 

-.0151 

-.1044 

.2000 

.4000 

.0889 

2.93 

3.00 

1.60 

.0018 

.0325 

.0003 

.0227 

-.0256 

.0035 

.  1000 

.  1000 

.0200 

3.00 

1.00 

1.62 

.0013 

.0133 

.0012 

-.0163 

.0148 

.0152 

.  1000 

.  1000 

.0444 

3.00 

1.00 

1.64 

.0010 

.0156 

.0010 

.0127 

.0101 

.0127 

.  1000 

.  1000 

.0889 

3.00 

1.00 

1.71 

.0007 

.0571 

.0007 

-.0084 

.0160 

-.0084 

.  1000 

.  1500 

.0200 

3.00 

1.00 

1.60 

.0010 

.0532 

.0006 

-.0084 

.0682 

.0006 

.  1000 

.  1500 

.0444 

3.00 

1.00 

1.64 

.0004 

.0405 

.0009 

.0051 

.0308 

.0112 

.  1000 

.  1500 

.0889 

3.00 

1.00 

1.69 

.0004 

.0692 

.0014 

-.0045 

.0230 

.0181 

.  1000 

.2000 

.0444 

2.97 

1.00 

1.62 

.0041 

.0123 

.0025 

.0521 

.0104 

.0327 

.  1000 

.2000 

.0889 

2.97 

1.00 

1.67 

.0013 

.0251 

.0026 

.0161 

.0097 

.0336 

.  1000 

.3000 

.0889 

3.00 

1.00 

1.64 

.0039 

.0030 

.0012 

.0496 

.0007 

.0155 

.  1000 

.  1000 

.0200 

3.00 

3.00 

1.62 

.0010 

.0097 

.0010 

.0131 

.0108 

.0131 

.  1000 

.  1000 

.0444 

3.00 

3.00 

1.64 

.0003 

.0086 

.0003 

.0039 

.0056 

.0039 

.  1000 

.  1000 

.0889 

3.00 

3.00 

1.71 

.0002 

.0355 

.0002 

.0025 

.0101 

.0025 

.  1000 

.1500 

.0444 

3.00 

3.00 

1.64 

.0011 

.0282 

.0010 

.0143 

.0217 

.0121 

.  1000 

.  1500 

.0889 

3.00 

3.00 

1.69 

.0002 

.0514 

.0013 

.0025 

.0174 

.0169 

.  1000 

.2000 

.0444 

2.97 

3.00 

1.62 

.0043 

.0034 

.0022 

.0550 

-.0005 

.0288 

.  1000 

.2000 

.0889 

2.97 

3.00 

1.67 

.0018 

.0083 

.0029 

.0227 

-.0031 

.0368 

.  1000 

.3000 

.0889 

3.00 

3.00 

1.64 

.0038 

.0321 

.0023 

.0481 

-.0148 

.0296 

.0500 

.0500 

.0067 

.50 

1.00 

1.67 

.0006 

.0327 

.0007 

-.0070 

-.0349 

.0086 

.0500 

.0500 

.0200 

.50 

1.00 

1.66 

.0010 

.0018 

.0001 

-.0121 

-.0010 

.0014 

.0500 

.0500 

.0444 

.50 

1.00 

1.69 

.0007 

.0238 

.0007 

-.0091 

.0079 

-.0091 

.0500 

.0500 

.0889 

.50 

1.00 

1.76 

.0015 

.0546 

.0015 

-.0195 

.0078 

-.0195 

.0500 

.0500 

.0056 

.50 

1.00 

1.66 

.0005 

.0231 

.0004 

-.0055 

.0252 

.0049 

.0500 

.0750 

.0200 

.50 

1.00 

1.66 

.0004 

.0028 

.0019 

-.0056 

.0019 

.0246 

.0500 

.0750 

.0444 

.50 

1.00 

1.69 

.0004 

.0327 

.0010 

-.0052 

.0132 

.0133 

.0500 

.0750 

.0889 

.50 

1.00 

1.73 

.0012 

.0628 

.0003 

-.0150 

.0109 

.0032 

.0500 

.1000 

.0444 

.50 

1.00 

1.67 

.0013 

.0239 

.0027 

.0169 

.0109 

.0350 

.0500 

.  1000 

.0889 

.50 

1.00 

1.73 

.0006 

.0471 

.0013 

-.0079 

.0093 

.0161 

.0500 

.0500 

.0067 

.50 

3.00 

1.67 

.0006 

.0327 

.0007 

-.0070 

-.0349 

.0085 

.0500 

.0500 

.0200 

.50 

3.00 

1.66 

.0010 

.0018 

.0001 

-.0121 

-.0010 

.0014 

.0500 

.0500 

.0444 

.50 

3.00 

1.69 

.0007 

.0238 

.0007 

-.0091 

.0079 

-.0091 

.0500 

.0500 

.0889 

.50 

3.00 

1.76 

.0015 

.0546 

.0015 

-.0195 

.0078 

-.0195 

.0500 

.0500 

.0056 

.50 

3.00 

1.66 

.0005 

.0231 

.0004 

-.0055 

.0252 

.0048 

.0500 

.0750 

.0200 

.50 

3.00 

1.66 

.0004 

.0028 

.0019 

-.0056 

.0019 

.0242 

.0500 

.0750 

.0444 

.50 

3.00 

1.69 

.0002 

.0327 

.0010 

-.0030 

.0132 

.0127 

.0500 

.0750 

.0889 

.50 

3.00 

1.73 

.0012 

.0628 

.0003 

-.0155 

.0109 

.0032 

.0500 

.1000 

.0444 

.50 

3.00 

1.67 

.0013 

.0239 

.0027 

.0169 

.0109 

.0342 

.0500 

.  1000 

.0889 

.50 

3.00 

1.73 

.0007 

.0471 

.0013 

-.0083 

.0093 

.0161 

.0500 

.0500 

.0067 

1.00 

1.00 

1.67 

.0007 

.0475 

.0010 

-.0065 

-.0514 

.0117 

.0500 

.0500 

.0200 

1.00 

1.00 

1.66 

.0009 

.0020 

.0009 

-.0111 

-.0010 

-.0111 
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W1 

W2 

G 

Ws 

H 

xp 

Sll 

Fmean 

S12 

S22 

Cl 

C3 

C2 

.0500 

.0500 

.0444 

L.OO 

1.00 

1.69 

.0005 

.0188 

.0005 

-.0070 

.0063 

-.0070 

.0500 

.0500 

.0056 

L.OO 

1.00 

1.66 

.0004 

.0063 

.0007 

-.0051 

.0070 

.0092 

.0500 

.0750 

.0200 

L.OO 

1.00 

1.66 

.0004 

.0023 

.0021 

-.0049 

.0019 

.0270 

.0500 

.0750 

.0444 

L.OO 

1.00 

1.69 

.0001 

.0327 

.0013 

.0010 

.0132 

.0168 

.0500 

.0750 

.0889 

L.OO 

1.00 

1.73 

.0010 

.0628 

.0004 

-.0122 

.0109 

.0056 

.0500 

.  1000 

.0444 

.98 

1.00 

1.67 

.0016 

.0122 

.0023 

.0209 

.0056 

.0294 

.0500 

.  1000 

.0889 

.98 

1.00 

1.73 

.0005 

.0471 

.0016 

-.0066 

.0093 

.0202 

.0500 

.1500 

.0889 

L.OO 

1.00 

1.71 

.0013 

.0242 

.0019 

.0169 

.0057 

.0245 

.0500 

.0500 

.0067 

L.OO 

3.00 

1.67 

.0007 

,0475 

.0010 

-.0065 

-.0514 

.0110 

.0500 

.0500 

.0200 

L.OO 

3.00 

1.66 

.0009 

.0028 

.0009 

-.0111 

-.0015 

-.0111 

.0500 

.0500 

.0444 

L.OO 

3.00 

1.69 

.0005 

.0188 

.0005 

-.0066 

.0063 

-.0066 

.0500 

.0500 

.0889 

L.OO 

3.00 

1.76 

.0011 

.0684 

.0011 

-.0144 

.0097 

-.0144 

.0500 

.0500 

.0056 

L.OO 

3.00 

1.66 

.0004 

.0045 

.0009 

-.0051 

.0050 

.0108 

.0  =  00 

.0750 

.0200 

1.00 

3.00 

1.66 

.0004 

.0028 

.0021 

-.0049 

.0019 

.0266 

.0500 

.0750 

.0444 

1.00 

3.00 

1.69 

.0001 

.0327 

.0013 

.0010 

.0132 

.0168 

.0500 

.0750 

.0889 

1.00 

3.00 

1.73 

.0010 

.0628 

.0004 

-.0127 

.0109 

.0056 

.0500 

.1000 

.0444 

.98 

3.00 

1.67 

.0017 

.0122 

.0023 

.0222 

.0056 

.0293 

.0500 

.  1000 

.0889 

.98 

3.00 

1.73 

.0005 

.0471 

.0016 

-.0066 

.0093 

.0202 

.0500 

.  1500 

.0889  : 

L.OO 

3.00 

1.71 

.0022 

.0024 

.0022 

.0277 

.0002 

.0284 

.0200 

.0200 

.0200 

.50 

1.00 

1.70 

.0005 

.0374 

.0005 

-.0067 

-.0101 

-.0067 

.0200 

.0200 

.0444 

.50 

1.00 

1.73 

.0004 

.0357 

.0015 

-.0049 

-.0058 

-.0192 

.0200 

.0200 

.0889 

.50 

1.00 

1.78 

.0020 

.0074 

.0020 

-.0250 

.0005 

-.0250 

.0200 

.0200 

.0067 

.50 

1.00 

1.69 

.0003 

.0124 

.0003 

-.0042 

-.0056 

-.0042 

.0200 

.0300 

.0200 

.50 

1.00 

1.70 

.0002 

.0146 

.0001 

-.0025 

-.0046 

.0016 

.0200 

.0300 

.0444 

.50 

1.00 

1.73 

.0001 

.0142 

.0003 

-.0015 

-.0027 

-.0032 

.0200 

.0300 

.0889 

.50 

1.00 

1.78 

.0023 

.0598 

.0013 

-.0295 

.0046 

-.0167 

.0200 

.0400 

.0200 

.50 

1.00 

1.70 

.0009 

.0137 

.0015 

-.0115 

-.0049 

.0196 

.0200 

.0400 

.0444 

.50 

1.00 

1.71 

.0017 

.0147 

.0005 

-.0211 

.0030 

.0059 

.0200 

.0400 

.0889 

.50 

1.00 

1.78 

.0023 

.0455 

.0007 

-.0296 

.0040 

-.0089 

.0200 

.0600 

.0100 

.50 

1.00 

1.68 

.0039 

.0040 

.0025 

.0493 

-.0014 

.0321 

.0200 

.0600 

.0200 

.50 

1.00 

1.68 

.0017 

.0061 

.0026 

.0219 

-.0023 

.0337 

.0200 

.0600 

.0444 

.50 

1.00 

1.71 

.0007 

.0018 

.0021 

.0094 

-.0002 

.0268 

.0200 

.0600 

.0889 

.50 

1.00 

1.76 

.0011 

.0614 

.0003 

-.0146 

.0062 

.0039 

.0200 

.0200 

.0200 

.50 

3.00 

1.70 

.0005 

.0374 

.0005 

-.0067 

-.0101 

-.0067 

.0200 

.0200 

.0444 

.50 

3.00 

1.73 

.0004 

.0357 

.0015 

-.0049 

-.0058 

-.0194 

.0200 

.0200 

.0889 

.50 

3.00 

1.78 

.0020 

.0065 

.0020 

-.0250 

.0004 

-.0250 

.0200 

.0200 

.0067 

.50 

3.00 

1.69 

.0003 

.0124 

.0003 

-.0042 

-.0056 

-.0042 

.0200 

.0300 

.0200 

.50 

3.00 

1.70 

.0002 

.0146 

.0001 

-.0025 

-.0046 

.0009 

.0200 

.0300 

.0444 

.50 

3.00 

1.73 

.0001 

.0142 

.0003 

-.0015 

-.0027 

-.0032 

.0200 

.0300 

.0889 

.50 

3.00 

1.78 

.0023 

.0598 

.0013 

-.0297 

.0046 

-.0167 

.0200 

.0400 

.0200 

.50 

3.00 

1.70 

.0010 

.0137 

.0015 

-.0126 

-.0049 

.0196 

.0200 

.0400 

.0444 

.50 

3.00 

1.71 

.0017 

.0147 

.0005 

-.0211 

.0030 

.0059 

.0200 

.0400 

.0889 

.50 

3.00 

1.78 

.0023 

.0455 

.0007 

-.0296 

.0040 

-.0089 

.0200 

.0600 

.0100 

.50 

3.00 

1.68 

.0039 

.0040 

.0025 

.0494 

-.0014 

.0317 

.0200 

.0600 

.0200 

.50 

3.00 

1.68 

.0017 

.0061 

.0026 

.0219 

-.0023 

.0333 

.0200 

.0600 

.0444 

.50 

3.00 

1.71 

.0007 

.0018 

.0021 

.0093 

-.0002 

.0267 

.0200 

.0600 

.0889 

.50 

3.00 

1.76 

.0013 

.0614 

.0004 

-.0168 

.0062 

.0052 

.0200 

.0200 

.0200  ] 

..00 

1.00 

1.70 

.0004 

.0374 

.0004 

-.0052 

-.0101 

-.0052 

.0200 

.0200 

.0444  ] 

L.OO 

1.00 

1.73 

.0002 

.0457 

.0002 

-.0024 

-.0075 

-.0024 

.0200 

.0200 

.0889  ] 

L.OO 

1.00 

1.78 

.0021 

.0074 

.0021 

-.0266 

.0005 

-.0266 

.0200 

.0200 

.0067  ] 

..00 

1.00 

1.69 

.0003 

.0124 

.0003 

-.0035 

-.0056 

-.0035 

.0200 

.0300 

.0200  ] 

..00 

1.00 

1.70 

.0001 

.0146 

.0003 

-.0015 

-.0046 

.0035 

.0200 

.0300 

.0444  1 

..00 

1.00 

1.73 

.0001 

.0142 

.0001 

.0007 

-.0027 

-.0008 

.0200 

.0300 

.0889  ] 

..00 

1.00 

1.78 

.0021 

.0598 

.0010 

-.0267 

.0046 

-.0132 

.0200 

.0400 

.0200  ] 

..00 

1.00 

1.70 

.0009 

.0137 

.0018 

-.0117 

-.0049 

.0227 

.0200 

.0400 

.0444  : 

..00 

1.00 

1.71 

.0016 

.0147 

.0004 

-.0204 

.0030 

.0055 

.0200 

.0400 

.0889  1.00 

1.00 

1.78 

.0020 

.0455 

.0004 

-.0259 

.0040 

-.0045 

.0200 

.0600 

.0100  ] 

.00 

1.00 

1.68 

.0023 

.0028 

.0021 

.0290 

-.0010 

.0268 

.0200 

.0600 

.0200  1 

.00 

1.00 

1.68 

.0018 

.0053 

.0025 

.0224 

-.0020 

.0317 

.0200 

.0600 

.0444  ] 

.00 

1.00 

1.71 

.0010 

.0017 

.0024 

.0126 

.0000 

.0301 

.0200 

.0600 

.0889  ] 

.00 

1.00 

1.76 

.0011 

.0614 

.0008 

-.0136 

.0062 

.0105 

.0200 

.0200 

.0200  1 

.00 

3.00 

1.70 

.0004 

.0374 

.0004 

-.0052 

-.0?'^! 

-.0052 
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W1 

W2 

G 

Ws 

H 

xp 

Sll 

Fmean 

S12 

dB 

S22 

Cl 

mS 

C3 

C2 

.0200 

.0200 

.  0444 

1.00 

3.00 

1.73 

.0002 

.0457 

.0002 

-.0024 

-.0075 

-.0024 

.0200 

.0200 

.0889 

1.00 

3.00 

1.78 

.0021 

.0074 

.0021 

-.0266 

.0005 

-.0266 

.  0200 

.0200 

.0067 

1.00 

3.00 

1.69 

.0003 

.0124 

.0003 

-.0035 

-.0056 

-.0035 

.  0200 

.0300 

.  0200 

1.00 

3.00 

1.70 

.0001 

.0146 

.0003 

-.0015 

-.0046 

.0033 

.0200 

.0300 

.0444 

1.00 

3.00 

1.73 

.0001 

.0142 

.0001 

.0007 

-.0027 

-.0008 

.0200 

.0300 

.0889 

1.00 

3.00 

1.78 

.0021 

.0598 

.0011 

-.0270 

.0046 

-.0136 

.0200 

.0400 

.0200 

1.00 

3.00 

1.70 

.0010 

.0137 

.0018 

-.0131 

-.0049 

.0224 

.  0200 

.0400 

.0444 

1.00 

3.00 

1.71 

.0016 

.0147 

.0004 

-.0206 

.0030 

.0055 

.0200 

.0400 

.0889 

1.00 

3.00 

1.78 

.0021 

.0455 

.0005 

-.0262 

.0040 

-.0060 

.0200 

.0600 

.0100 

1.00 

3.00 

1.68 

.0023 

.0028 

.0021 

.0290 

-.0010 

.0268 

.0200 

.0600 

.0200 

1.00 

3.00 

1.68 

.0018 

.0061 

.0028 

.0224 

-.0023 

.0352 

.0200 

.0600 

.  0444 

1.00 

3.00 

1-71 

.0009 

.0016 

.0023 

.0118 

.0000 

.0296 

.0200 

.0600 

.0889 

l.OQ 

3.00 

1.76 

.0011 

.0614 

.0008 

-.0139 

.0062 

.0098 

.0100 

.0100 

.0200 

.  50 

1.00 

1.72 

.0019 

.0159 

.0019 

-.0248 

-.0026 

-.0248 

.0100 

.  00 

.0444 

.  50 

1.00 

1.76 

.0017 

.0567 

.0017 

-.0219 

-.0058 

-.0219 

.0100 

0889 

.  50 

1.00 

1.80 

.0020 

.0148 

.0020 

-.0255 

-.0006 

-.0255 

.0100 

.0150 

.0200 

.50 

1.00 

1.72 

.0025 

.0175 

.0007 

-.0318 

-.0033 

-.0084 

.0100 

.0150 

.0444 

.50 

1.00 

1.76 

.0021 

.0625 

.0008 

-.0268 

-.0074 

-.0104 

.0100 

.0150 

.0889 

.50 

1.00 

1.80 

.0024 

.0466 

.0017 

-.0309 

.0021 

-.0222 

.0100 

.0200 

.  0444 

.  50 

1.00 

1.76 

.0021 

.0325 

.0001 

-.0262 

-.0041 

-.0017 

.0100 

.0200 

.0889 

.  50 

1.00 

1-80 

.0023 

.0383 

.0012 

-.0297 

.0019 

-.0157 

.0100 

.0300 

.0100 

.50 

1.00 

1.70 

.0015 

.0071 

.0022 

.0196 

-.0024 

.0277 

.  0100 

.  ojoo 

.  0444 

.50 

1.00 

1.73 

.0010 

.0063 

.0006 

-.0124 

-.0009 

.0079 

.0100 

.0300 

.0889 

.50 

1.00 

1.78 

.0019 

.0159 

.0005 

-.0239 

.0010 

-.0070 

.0100 

.0100 

.0200 

.  50 

3.00 

1.72 

.0020 

.0159 

.0020 

-.0249 

-.0026 

-.0249 

.0100 

.0100 

.  0444 

.  50 

3.00 

1.76 

.0017 

.0567 

.0017 

-.0218 

-.0058 

-.0218 

.0100 

.0100 

.0889 

.50 

3.00 

1.80 

.0020 

.0148 

.0020 

-.0255 

-.0006 

-.0255 

.0100 

.0150 

.0200 

.50 

3.00 

1.72 

.0025 

.0175 

.0007 

-.0318 

-.0033 

-.0086 

.0100 

.0150 

.0444 

.50 

3.00 

1.76 

.0021 

.0625 

.0008 

-.0269 

-.0074 

-.0104 

.0100 

.0150 

.0889 

.50 

3.00 

1.80 

.0024 

.0466 

.0017 

-.0311 

.0021 

-.0222 

.0100 

.0200 

.0200 

.50 

3.00 

1.72 

.0022 

.0292 

.0003 

-.0282 

-.0062 

.0039 

.0100 

.0200 

.0444 

.50 

3.00 

1.76 

.0021 

.0325 

.0002 

-.0262 

-.0041 

-.0020 

.0100 

.0200 

.0889 

.50 

3.00 

1.80 

.0023 

.0383 

.0013 

-.0299 

.0019 

-.0160 

.0100 

.0300 

.0100 

.50 

3.00 

1.70 

.0015 

.0071 

.0022 

.0196 

-.0024 

.0275 

.0100 

.0300 

.0444 

.50 

3.00 

1.73 

.0010 

.0063 

.0006 

-.0124 

-.0009 

.0076 

.  0100 

.0300 

.  0889 

.  50 

3.00 

1.78 

.0019 

.0159 

.0006 

-.0239 

.0010 

-.0074 

.0100 

.0100 

.0167 

1.00 

1.00 

1.73 

.0001 

.0262 

.0016 

-.0019 

-.0047 

-.0203 

.0100 

.0133 

.0200 

1.00 

1.00 

1.72 

.0022 

.0205 

.0000 

-.0278 

-.0037 

-.0004 

.0100 

.0133 

.  0444 

1.00 

1.00 

1.76 

.0016 

.0578 

.0001 

-.0204 

-.0065 

.0015 

.0100 

.0133 

.0889 

1.00 

1.00 

1.80 

.0018 

.0032 

.0013 

-.0235 

.0001 

-.0168 

.0100 

.0200 

.0200 

1.00 

1.00 

1.72 

.0017 

.0384 

.0008 

-.0222 

-.0082 

.0103 

.0100 

.0200 

.0444 

1.00 

1.00 

1.76 

.0019 

.0325 

.0001 

-.0243 

-.0041 

.0011 

.0100 

.0200 

.0889 

1.00 

1.00 

1.80 

.0020 

.0383 

.0010 

-.0255 

.0019 

-.0126 

.0100 

.0300 

.0100 

1.00 

1.00 

1.70 

.0015 

.0071 

.0022 

.0191 

-.0024 

.0286 

.0100 

.0300 

.  0200 

1.00 

1.00 

1.70 

.0012 

.0153 

.0020 

.0158 

-.0038 

.0250 

.0100 

.0300 

.0444 

1.00 

1.00 

1.73 

.0007 

.0063 

.0010 

-.0091 

-.0009 

.0121 

.0100 

.0300 

.0889 

1.00 

1.00 

1.78 

.0015 

.0158 

.0003 

-.0187 

.0010 

-.0033 

.0100 

.0100 

.0167 

1.00 

3.00 

1.73 

.0001 

.0262 

.0016 

-.0019 

-.0047 

-.0203 

.0100 

.0133 

.0200 

1.00 

3.00 

1-72 

.0022 

.0205 

.0000 

-.0278 

-.0037 

-.0004 

.0100 

.0133 

.0444 

1.00 

3.00 

1.76 

.0016 

.0578 

.0001 

-.0207 

-.0065 

.0014 

.0100 

.0133 

.0889 

1.00 

3.00 

1.80 

.0018 

.0032 

.0015 

-.0235 

.0001 

-.0186 

.0100 

.0200 

.0200 

1.00 

3.00 

1.72 

.0019 

.0376 

.0008 

-.0239 

-.0081 

.0097 

.0100 

.0200 

.0444 

1.00 

3.00 

1.76 

.0019 

.0325 

.0001 

-.0243 

-.0041 

.0011 

.0100 

.0200 

.088° 

1.00 

3.00 

1.80 

.0020 

.0383 

.0010 

-.0256 

.0019 

-.0126 

.0100 

.0300 

.0100 

1.00 

3.00 

1.70 

.0015 

.0071 

.0023 

.0191 

-.0024 

.0290 

.0100 

.0300 

.0200 

1.00 

3.00 

1.70 

.0012 

.0153 

.0019 

.0158 

-.0038 

.0247 

.0100 

.0300 

.0444 

1.00 

3.00 

1.73 

.0008 

.0063 

.0008 

-.0098 

-.0009 

.0104 

.0100 

.0300 

.0889 

1.00 

3.00 

1.78 

.0014 

.0158 

.0003 

-.0178 

.0010 

-.0033 
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W1 

W2 

G 

ws 

H 

xp 

Sll 

Fmean  dB 
S12 

S22 

Cl 

mS 

C3 

C2 

,C050 

.  0050 

.0167 

.  50 

l.CO 

1.73 

.0003 

.0275 

.0016 

-.0035 

.0033 

-.0203 

.0050 

.0050 

.0370 

.50 

1.00 

1.78 

.0020 

.0244 

.0020 

-.0257 

.0019 

-.0257 

.  0050 

.0050 

.0926 

.  50 

1.00 

1.82 

.0018 

.0530 

.0018 

-.0233 

.0013 

-.0233 

.0050 

.0067 

.0200 

.  50 

1.00 

1.74 

.0023 

.0017 

.0002 

-.0288 

.0001 

-.0020 

.0050 

.0067 

.0444 

.50 

1.00 

1.76 

.0020 

.0504 

.0012 

-.0248 

-.0038 

-.0148 

.0050 

.0100 

.0444 

.  50 

1.00 

1.76 

.0022 

.0528 

.0001 

-.0283 

-.0045 

.0015 

.0050 

.0100 

.0889 

.50 

1.00 

1.80 

.0023 

.0041 

.0001 

-.0291 

-.0001 

.0007 

.0050 

.0150 

.0444 

.50 

1.00 

1.76 

.0015 

.0171 

.0000 

-.0192 

-.0016 

.0001 

.0050 

.0050 

.0167 

.50 

3.00 

1.73 

.0003 

.0275 

.0016 

-.0035 

.0033 

-.0203 

.0050 

.0050 

.0370 

.50 

3.00 

1.78 

.0020 

.0244 

.0020 

-.0257 

.0019 

-.0257 

.0050 

.  0050 

.0926 

.  50 

3.00 

1.82 

.0018 

.0530 

.0018 

-.0233 

.0013 

-.0233 

.0050 

.0067 

.0200 

.50 

3.00 

1.74 

.0023 

.0017 

.0002 

-.0288 

.0001 

-.0020 

.0050 

.0067 

.0444 

.50 

3.00 

1.76 

.0020 

.0504 

.0012 

-.0248 

-.0038 

-.0148 

.0050 

.0100 

.0444 

.50 

3.00 

1.76 

.0022 

.0528 

.0001 

-.0283 

-.0045 

.0015 

.0050 

.0100 

.0889 

.50 

3.00 

1.80 

.0023 

.0041 

.0001 

-.0292 

-.0001 

.0007 

.0050 

.0150 

.0444 

.50 

3.00 

1.76 

.0015 

.0171 

.0000 

-.0192 

-.0016 

.0001 

.0050 

.0150 

.0429 

1.00 

1.00 

1.76 

.0016 

.0521 

.0000 

-.0205 

.0048 

-.0004 

.0050 

.0050 

.0067 

1.00 

3.00 

1.73 

.0001 

.0563 

.0018 

-.0009 

.0102 

-.0229 

.  0050 

.0150 

.0429 

1.00 

3.00 

1.76 

.0016 

.0521 

.0000 

-.0206 

.0048 

-.0004 

.0025 

.0075 

.0429 

.50 

1.00 

1.78 

.0001 

.0567 

.0004 

.0008 

.0038 

.0047 

.0025 

.0075 

.0965 

.50 

1.00 

1.82 

.0020 

.0122 

.0001 

-.0255 

-.0003 

.0010 

.0025 

.0075 

.0429 

.  50 

3.00 

1.78 

.0001 

.0567 

.0004 

.0008 

.0038 

.0045 

.0025 

.  0075 

.0965 

.50 

3.u0 

1.82 

.0020 

.0122 

.0001 

-.0255 

-.0003 

.  OOlC 

.  4000 

.4000 

.  1500 

2.96 

1.00 

1.63 

.0018 

.0409 

.0018 

.0240 

.0175 

.0240 

.  4000 

.4000 

.  1500 

2.96 

3.00 

1.63 

.0044 

.0486 

.0044 

.0569 

-.0223 

.0569 

.  2000 

.4000 

.  1500 

2.93 

1.00 

1.65 

.0009 

.0053 

.0019 

-.0121 

-.0014 

-.0242 

.2000 

.6000 

.  1500 

3.00 

1.00 

1.63 

.0037 

.0127 

.0062 

-.0481 

-.0036 

-.0838 

.2000 

.2000 

.  1500 

3.00 

3.00 

1.69 

.0016 

.0036 

.0016 

.0210 

.0007 

.0210 

.  1000 

.  1000 

.  1500 

3.00 

1.00 

1.76 

.0076 

.0276 

.0076 

-.0973 

-.0027 

-.0973 

.  1000 

.2000 

.  1500 

2.97 

1.00 

1.73 

.0005 

.0418 

.0016 

-.0061 

.0054 

.0207 

.  1000 

.3000 

.  1500 

3.00 

1.00 

1.71 

.0017 

.0551 

.0021 

.0217 

-.0088 

-.0272 

.  1000 

.2000 

.  1500 

2.97 

3.00 

1.73 

.0000 

.0271 

.0003 

-.0003 

-.0037 

.0043 
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Table  2 


W1 

W2 

G 

WS 

HH 

XP 

FC_N 

.4000 

.4000 

.0500 

2.000 

.500 

1.962 

.79 

.4000 

.4000 

.1000 

2.000 

1.000 

2.088 

1.13 

.4000 

.4000 

.0500 

2.000 

1.000 

2.088 

.86 

.1000 

.1000 

.1000 

1.967 

.500 

1.962 

1.15 

.1000 

.1000 

.0500 

2.000 

.500 

1.962 

1.08 

.1000 

.1000 

.0200 

2.000 

.500 

1.960 

.96 

.1000 

.2000 

.  1000 

2.000 

.500 

1.962 

1.48 

.  1000 

.2000 

.0500 

2.000 

.500 

1.962 

1.41 

.  1000 

.3000 

.0500 

2.000 

.500 

1.962 

1.49 

.  1000 

.1000 

.1000 

2.000 

1.000 

2.088 

1.08 

.1000 

.1000 

.0500 

2.000 

1.000 

2.088 

1.05 

.1000 

.1000 

.0200 

2.000 

1.000 

2.080 

.84 

.1000 

.2000 

.0500 

2.000 

1.000 

2.088 

1.45 

.1000 

.3000 

.1000 

2.000 

1.000 

2.088 

1.20 

.1000 

.3000 

.0500 

2.000 

1.000 

2.088 

1.34 

.0200 

.0200 

.0500 

2.000 

.500 

1.962 

1.12 

.0200 

.0200 

.0200 

2.000 

.500 

1.960 

1.17 

.0200 

.0200 

.0100 

2.000 

.500 

1.960 

1.26 

.0200 

.0400 

.  1000 

2.000 

.500 

1.962 

.71 

.0200 

.0400 

.0500 

2.000 

.500 

1.962 

1.14 

.0200 

.0400 

.0200 

2.000 

.500 

1.960 

1.20 

.0200 

.0400 

.0100 

2.000 

.500 

1.960 

1.27 

.0200 

.0600 

.  1000 

2.000 

.500 

1.962 

.82 

.0200 

.0600 

.0500 

2.000 

.500 

1.962 

1.20 

.0200 

.0600 

.0200 

2.000 

.500 

1.960 

1.30 

.0200 

.0600 

.0100 

2.000 

.500 

1.960 

1.29 

.0200 

.0200 

.1000 

2.000 

1.000 

2.088 

1.04 

.0200 

.0200 

.0500 

2.000 

1.000 

2.088 

1.15 

.0200 

.0200 

.0200 

2.000 

1.000 

2.080 

1.04 

.0200 

.0200 

.0100 

2.000 

1.000 

2.080 

1.07 

.0200 

.0400 

.  1000 

2.000 

1.000 

2.088 

1.17 

.0200 

.0400 

.0500 

2.000 

1.000 

2.088 

1.34 

.0200 

.0400 

.0200 

2.000 

1.000 

2.080 

1.41 

.0200 

.0400 

.0100 

2.000 

1.000 

2.080 

1.43 

.0200 

.0600 

.  1000 

2.000 

1.000 

2.088 

1.32 

.0200 

.0600 

.0500 

2.000 

1.000 

2.088 

1.44 

.0100 

.0100 

.  1000 

2.000 

.500 

1.962 

.82 

.0100 

.0100 

.0500 

2.000 

.500 

1.962 

1.01 

.0100 

.0100 

.0200 

2.000 

.500 

1.960 

1.12 

.0100 

.0100 

.0100 

2.000 

.500 

1.960 

1.11 

.0100 

.0200 

.0500 

2.000 

.500 

1.962 

1.06 

.0100 

.0200 

.0200 

2.000 

.500 

1.960 

1.16 

.0100 

.0200 

.0100 

2.000 

.500 

1.960 

1.16 

.0100 

.0100 

.  1000 

2.000 

1.000 

2.088 

.99 

.0100 

.0100 

.0500 

2.000 

1.000 

2.088 

1.11 

.0100 

.0100 

.0200 

2.000 

1.000 

2.080 

1.18 

.0100 

.0100 

.0100 

2.000 

1.000 

2.080 

1.11 

.ono 

.0200 

.1000 

2.000 

1.000 

2.088 

1.07 

.0100 

.0200 

.0500 

2.000 

1.000 

2.088 

1.20 

.0100 

.0200 

.0200 

2.000 

1.000 

2.080 

1.31 

.0100 

.0200 

.0100 

2.000 

1.000 

2.080 

1.30 

.0100 

.0300 

.  1000 

2.000 

1.000 

2.088 

1.14 

.0100 

.0300 

.0500 

2.000 

1.000 

2.088 

1.30 

.4000 

.4000 

.1000 

2.933 

.500 

1.737 

.89 

.4000 

.4000 

.0500 

2.933 

.500 

1.737 

1.20 

.4000 

.4000 

.1000 

2.933 

1.000 

1.825 

1.04 

.4000 

.4000 

.0500 

2.933 

1.000 

1.825 

1.19 
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W1 


.  1000 
.  1000 
.  1000 
.  1000 
.  1000 
.  1000 
.  1000 
.  1000 
.  1000 
.  1000 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0200 
.0100 
.0100 
.0100 
.0100 
.OICO 
.0100 
,0100 
.0100 
.0100 
.0100 
.  0100 
.0100 
.0100 
.0100 
.0100 
.0100 
.0100 
.0100 
.0100 
.0100 
.0100 
.0100 
.0100 


W2 


.2000 
.2000 
.3000 
.  1000 
.1000 
.  1000 
.2000 
.2000 
.  3000 
.  3000 
.0200 
.0200 
.0200 
.0200 
.0400 
.0400 
.0400 
.0400 
.0600 
.0600 
.0600 
.0600 
.0200 
.0200 
.0200 
.0200 
.0400 
.0400 
.0400 
.0400 
.0600 
.0600 
.0600 
.0600 
.0100 
.0100 
.0100 
.0100 
.0200 
.0200 
.0200 
.0300 
.0300 
.0300 
.0300 
.0100 
.0100 
.0100 
.0100 
.0200 
.0200 
.0200 
.0200 
.0300 
.0300 
.0300 
.0300 


G 


.1000 
.0500 
.0500 
.1000 
.0500 
.0200 
.  1000 
.0500 
.1000 
.0500 
.1000 
.0500 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 
.1000 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 
.  1000 
.0500 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 
.1000 
.0500 
.0200 
.0100 


ws 


3.000 

3.000 

3.000 

2.967 

2.967 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3,000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.  COO 

3.000 


HH 


.500 

.500 

.500 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

.500 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 


XP 


1.737 

1.737 

1.737 

1.825 

1.825 

1.820 

1.825 

1.825 

1.825 

1.825 

1.737 

1.737 

1.740 

1.740 

1.737 

1.737 

1.740 

1.740 

1.737 

1.737 

1.740 

1.740 

1.825 

1.825 

1.820 

1.820 

1.825 

1.825 

1.820 

1.820 

1.825 

1.825 

1.820 

1.820 

1.737 

1.737 

1.740 

1.740 

1.737 

1.740 

1.740 

1.737 

1.737 

1.740 

1.740 

1.825 

1.825 

1.820 

1.820 

1.825 

1.825 

1.820 

1.820 

1.825 

1.825 

1.820 

1.820 


FC_N 


.62 

1.02 

.96 

.96 

1.19 

1.14 

.95 

1.09 

.89 

1.08 

1,26 

.82 

.96 

1.04 

1.10 

.87 

1.01 

1.07 

1.05 

.74 

1.03 

1.08 

,95 

1.07 

1.21 

1.29 
.85 

1.06 

1,02 

1.29 
.79 

1.05 

1.03 

1.33 

1.32 

.77 

.89 

1.00 

1.27 

.94 

1.02 

1.14 

.84 

1.11 

1.25 

1.08 

.92 

1.03 

1.07 

1.00 

.96 

1.04 

1.06 

.87 

.93 

1.03 

1.09 
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Table  3 


W1 

W2 

G 

WS 

HH 

XP 

FO'' 

FI 

.0500 

.0500 

.0139 

1.000 

1.000 

1.069 

1.00 

2.19 

.0500 

.0500 

.0500 

1.000 

1.000 

1.100 

1.00 

2.48 

.0500 

.0500 

.1000 

1.000 

1.000 

1.150 

1.00 

3.46 

.0500 

.0750 

.0200 

1.000 

1.000 

1.060 

1.00 

2.24 

.0500 

.0750 

.0434 

1.000 

1.000 

1.094 

1.00 

2.38 

.0500 

.0750 

.0955 

1.000 

1.000 

1.137 

1.00 

3.22 

.0500 

.1500 

.0167 

1.000 

1.000 

1.033 

1.00 

1.95 

.0500 

.1500 

.0500 

1.000 

1.000 

1.063 

1.00 

2.31 

.0500 

.1500 

.1000 

1.000 

1.000 

1.112 

1.00 

3.27 

.0200 

.0200 

.0139 

1.000 

1.000 

1.097 

1.00 

2.38 

.0200 

.0200 

.0500 

1.000 

1.000 

1.138 

1.00 

2.88 

.0200 

.0200 

.1000 

1.000 

1.000 

1.188 

1.00 

3.98 

.0200 

.0300 

.0200 

1.000 

1.000 

1.100 

1.00 

2.43 

.0200 

.0300 

.0434 

1.000 

1.000 

1.128 

1.00 

2.77 

.0200 

.0300 

.0955 

1.000 

1.000 

1.181 

1.00 

3.88 

.0200 

.0600 

.0167 

1.000 

1.000 

1.083 

1.00 

2.41 

.0200 

.0600 

.0500 

1.000 

1.000 

1.112 

1.00 

2.63 

.0200 

.0600 

.1000 

1.000 

1.000 

1.163 

1.00 

3.76 

.0200 

.0200 

.0111 

1.500 

1.000 

3.167 

1.00 

69.80 

.0100 

.0100 

.0116 

1.000 

1.000 

1.123 

1.00 

2.49 

.0100 

.0100 

.0417 

1.000 

1.000 

1.146 

1.00 

2.95 

.0100 

.0100 

.0937 

1.000 

1.000 

1.198 

1.00 

3.93 

.0100 

.0150 

.0185 

1.000 

1.000 

1.120 

1.00 

2.53 

.0100 

.0150 

.0417 

1.000 

1.000 

1.146 

1.00 

2.96 

.0100 

.0150 

.0937 

1.000 

1.000 

1.198 

1.00 

4.15 

.0100 

.0300 

.0167 

1.000 

1.000 

1.100 

1.00 

2.66 

.0100 

.0300 

.0434 

1.000 

1.000 

1.136 

1.00 

2.83 

.0100 

.0300 

.0940 

1.000 

1.000 

1.186 

1.00 

3.94 

.4000 

.4000 

.0500 

2.933 

.800 

1.663 

1.00 

3.99 

.4000 

.4000 

.  1000 

2.933 

.800 

1.663 

1.00 

10.24 

.4000 

.6000 

.  1000 

3.000 

.800 

1.663 

1.00 

11.03 

.4000 

.4000 

.0500 

2.933 

1.500 

1.712 

1.00 

2.26 

.4000 

.4000 

.1000 

2.933 

1.500 

1.712 

1.00 

5.22 

.4000 

.6000 

.1000 

3.000 

1.500 

1.712 

1.00 

4.73 

.2000 

.2000 

.0500 

2.933 

.800 

1.663 

1.00 

7.03 

.2000 

.2000 

.1000 

2.933 

.800 

1.663 

1.00 

19.29 

.  2000 

.  3000 

.0500 

3.000 

.  800 

1.663 

1.00 

6.87 

.2000 

.3000 

.  1000 

3.000 

.800 

1.663 

1.00 

19.81 

.  2000 

.6000 

.  1000 

3.000 

.800 

1.663 

1.00 

18.84 

.2000 

.2000 

.0500 

2.933 

1.500 

1.712 

1.00 

4.27 

.  2000 

,2000 

.  1000 

2.933 

1.500 

1.712 

1.00 

9.93 

.2000 

.3000 

.0500 

3.000 

1.500 

1.712 

1.00 

3.48 

.2000 

.3000 

.  1000 

3.000 

1.500 

1.712 

1.00 

9.79 

.2000 

.6000 

.1000 

3.000 

1.500 

1.712 

1.00 

6.73 

.  1000 

.1000 

.0167 

2.967 

.800 

1.667 

1.00 

8.82 

.  1000 

.  1000 

.0500 

2.967 

.800 

1.663 

1.00 

11.79 

.  1000 

.  1000 

.  1000 

2.967 

.800 

1.663 

1.00 

47.37 

.  1000 

.1500 

.0139 

3.000 

.800 

1.667 

1.00 

7.86 

.  1000 

.  1500 

.0500 

3.000 

.800 

1.663 

1.00 

15.48 
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W1 

W2 

G 

WS 

.  1000 

.1500 

.1000 

3.000 

.  1000 

.3000 

.0500 

3.000 

.1000 

.3000 

.  1000 

3.000 

.  1000 

.1000 

.0167 

2.967 

.  1000 

.  1000 

.0500 

2.967 

.  1000 

.1000 

.  1000 

2.967 

.  1000 

.  1500 

.0139 

3.000 

.0500 

.0750 

.0200 

1.500 

.0500 

.0750 

.0500 

1.500 

.0500 

.0750 

.1000 

1.500 

.0500 

.  1500 

.0200 

1.500 

.0500 

.  1500 

.0417 

1.500 

.0500 

.  1500 

.0937 

1.500 

.0200 

.0200 

.0200 

1.500 

.0200 

.0200 

.0500, 

1.500 

.0200 

.0200 

.1000 

1.500 

.0200 

.0300 

.0200 

1.500 

.0200 

.0300 

.0500 

1.500 

.0200 

.0300 

.  1000 

1.500 

.0200 

.0600 

.0200 

1.500 

.0200 

.0600 

.0417 

1.500 

.0200 

.0600 

.0937 

1.500 

.0100 

.0100 

.0167 

1.500 

.0100 

.0100 

.0469 

1.500 

.0100 

.0300 

.0200 

1.500 

.0100 

.0300 

.0417 

1.500 

.0100 

.0300 

.0937 

1.500 

HH 

XP 

FO' 

FI 

.800 

1.663 

1.00 

64.67 

.800 

1.663 

1.00 

9.13 

.800 

1.663 

1.00 

40.06 

1.500 

1.717 

1.00 

5.31 

1.500 

1.712 

1.00 

8.02 

1.500 

1.712 

1.00 

46.69 

1.500 

1.722 

1.00 

4.48 

1.000 

1.500 

1.00 

1.82 

1.000 

1.500 

1.00 

2.04 

1.000 

1.487 

1.00 

2.64 

1.000 

1.500 

1.00 

1.71 

1.000 

1.500 

1.00 

1.73 

1.000 

1.500 

1.00 

2.35 

1.000 

1.500 

1.00 

2.13 

1.000 

1.500 

1.00 

2.54 

1.000 

1.487 

1.00 

3.42 

1.000 

1.500 

1.00 

2.06 

1.000 

1.500 

1.00 

2.36 

1.000 

1.487 

1.00 

3.17 

1.000 

1.500 

1.00 

2.03 

1.000 

1.500 

1.00 

2.09 

1.000 

1.500 

1.00 

2.88 

1.000 

1.500 

1.00 

2.06 

1.000 

•..500 

1.00 

1.53 

1.000 

1.500 

1.00 

2.19 

1.000 

1.500 

1.00 

2.31 

1.000 

1.500 

1.00 

3.32 

Table  4 


W1 

W2 

G 

WS 

HH 

XP 

Fmean 

Fmax 

Fmaxr 

.0500 

.0500 

.0139 

1.000 

1.000 

1.069 

.005 

.013 

.013 

.0500 

.0500 

.0500 

1.000 

1.000 

1.100 

.006 

.013 

.056 

.0500 

.0500 

.1000 

1.000 

1.000 

1.150 

.023 

.014 

.182 

.0500 

.0750 

.0200 

1.000 

1.000 

1.060 

.007 

.018 

.021 

.0500 

.0750 

.0434 

1.000 

1.000 

1.094 

.007 

.020 

.020 

.0500 

.0750 

.0955 

1.000 

1.000 

1.137 

.019 

.019 

.170 

.0500 

.  1500 

.0167 

1.000 

1.000 

1.033 

.009 

.035 

.038 

.0500 

.  1500 

.0500 

1.000 

1.000 

1.063 

.011 

.039 

.039 

.0500 

.1500 

.1000 

1.000 

1.000 

1.112 

.024 

.037 

.148 

.0200 

.0200 

.0139 

1.000 

1.000 

1.097 

.004 

.007 

.037 

.0200 

.0200 

.0500 

1.000 

1.000 

1.138 

.007 

.009 

.069 

.0200 

.0200 

.1000 

1.000 

1.000 

1.188 

.043 

.010 

.142 

.0200 

.0300 

.0200 

1.000 

1.000 

1.100 

.005 

.009 

.024 

.0200 

.0300 

.0434 

1.000 

1.000 

1.128 

.007 

.010 

.069 

.0200 

.0300 

.0955 

1.000 

1.000 

1.181 

.032 

.011 

.212 

.0200 

.0600 

.0167 

1.000 

1.000 

1.083 

.006 

.016 

.023 

.0200 

.0600 

.0500 

1.000 

1.000 

1.112 

.007 

.016 

.039 

.0200 

.0600 

.  1000 

1.000 

1.000 

1.163 

.032 

.018 

.174 

.0200 

.0200 

.0111 

1.500 

1.000 

3.167 

.031 

.009 

.468 

.0100 

.0100 

.0116 

1.000 

1.000 

1.123 

.004 

.006 

.027 

.0100 

.0100 

.0417 

1.000 

1.000 

1.146 

.005 

.006 

.040 

.0100 

.0100 

.0937 

1.000 

1.000 

1.198 

.042- 

.007 

.092 

.0100 

.0150 

.0185 

1.000 

1.000 

1.120 

.004 

.007 

.035 

.0100 

.0150 

.0417 

1.000 

1.000 

1.146 

.006 

.007 

.041 

.0100 

.0150 

.0937 

1.000 

1.000 

1.198 

.045 

.008 

.127 

.0100 

.0300 

.0167 

1.000 

1.000 

1.100 

.004 

.009 

.015 

.0100 

.0300 

.0434 

1.000 

1.000 

1.136 

.007 

.010 

.064 

.0100 

.0300 

.0940 

1.000 

1.000 

1.186 

.030 

.011 

.097 

.4000 

.4000 

.0500 

2.933 

.800 

1.663 

.024 

.048 

.099 

W1 

W2 

G 

ws 

HH 

XP 

Fraean 

Fmax 

Fmaxr 

.4000 

.4000 

.1000 

2.933 

.800 

1.663 

.044 

.045 

.276 

.4000 

.6000 

.1000 

3.000 

.800 

1.663 

.054 

.091 

.284 

.4000 

.  4000 

.0500 

2.933 

1.500 

1.712 

.022 

.043 

.072 

.4000 

.4000 

.  1000 

2.933 

1.500 

1.712 

.034 

.046 

.228 

.4000 

.6000 

.  1000 

3.000 

1.500 

1.712 

.040 

.071 

.207 

.2000 

.2000 

.0500 

2.933 

.800 

1.663 

.014 

.020 

.107 

.2000 

.  2000 

.1000 

2.933 

.800 

1.663 

.041 

.019 

.289 

.2000 

.3000 

.0500 

3.000 

.800 

1.663 

.018 

.039 

.  100 

.2000 

.  3000 

.1000 

3.000 

.800 

1.663 

.046 

.053 

.299 

.2000 

.6000 

.  1000 

3.000 

.800 

1.663 

.063 

.096 

.339 

.2000 

.2000 

.0500 

2.933 

1.500 

1.712 

.013 

.021 

.090 

.2000 

.  2000 

.  1000 

2.933 

1.500 

1.712 

.028 

.016 

.236 

.2000 

.3000 

.0500 

3.000 

1.500 

1.712 

.016 

.033 

.091 

.2000 

.  3000 

.  1000 

3.000 

1.500 

1.712 

.031 

.039 

.242 

.  2000 

.6000 

.1000 

3.000 

1.500 

1.712 

.042 

.072 

.237 

.  1000 

.  1000 

.0167 

2.967 

.800 

1.667 

.008 

.009 

.066 

.  1000 

.  1000 

.0500 

2.967 

.800 

1.663 

.012 

.007 

.108 

.  1000 

.  1000 

.1000 

2.967 

.800 

1.663 

.044 

.011 

.335 

.  1000 

.  1500 

.0139 

3.000 

.800 

1.667 

.009 

.016 

.059 

.  1000 

.  1500 

.0500 

3.000 

.800 

1.663 

.015 

.021 

.125 

.  1000 

.  1500 

.  1000 

3.000 

.800 

1.663 

.048 

.023 

.326 

.  1000 

.3000 

.0500 

3.000 

.800 

1.663 

.019 

.042 

.112 

.  1000 

.3000 

.1000 

3.000 

.800 

1.663 

.054 

.054 

.320 

.  1000 

.  1000 

.0167 

2.967 

1.500 

1.717 

.007 

.009 

.057 

.  1000 

.1000 

.0500 

2.967 

1.500 

1.712 

.010 

.008 

.092 

.  1000 

.  1000 

.1000 

2.967 

1.500 

1.712 

.033 

.009 

.288 

.  1000 

.  1500 

.0139 

3.000 

1.500 

1.722 

.008 

.017 

.048 

.0500 

.0750 

.0200 

1.500 

1.000 

1.500 

.012 

.022 

.046 

.0500 

.0750 

.0500 

1.500 

1.000 

1.500 

.018 

.022 

.075 

.0500 

.0750 

.1000 

1.500 

1.000 

1.487 

.035 

.019 

.  174 

.0500 

.1500 

.0200 

1.500 

1.000 

1.500 

.015 

.037 

.049 

.0500 

.  1500 

.0417 

1.500 

1.000 

1.500 

.020 

.038 

.074 

.0500 

.  1500 

.0937 

1.500 

1.000 

1.500 

.036 

.039 

.155 

.0200 

.0200 

.0200 

1.500 

1.000 

1.500 

.010 

.010 

.044 

.0200 

.0200 

.0500 

1.500 

1.000 

1.500 

.017 

.009 

.074 

.0200 

.0200 

.1000 

1.500 

1.000 

1.487 

.043 

.011 

.167 

.0200 

.0300 

.0200 

1.500 

1.000 

1.500 

.010 

.012 

.046 

.0200 

.0300 

.0500 

1.500 

1.000 

1.500 

.019 

.022 

.075 

.0200 

.0300 

.  1000 

1.500 

1.000 

1.487 

.039 

.012 

.140 

.0200 

.0600 

.0200 

1.500 

1.000 

1.500 

.011 

.020 

.044 

.0200 

.0600 

.0417 

1.500 

1.000 

1.500 

.016 

.019 

.068 

.  0200 

.0600 

.0937 

1.500 

1.000 

1.500 

.033 

.018 

.  177 

.0100 

.0100 

.0167 

1.500 

1.000 

1.500 

.010 

.007 

.045 

.0100 

.0100 

.0469 

1.500 

1.000 

1.500 

.027 

.008 

.101 

.0100 

.0300 

.0200 

1.500 

1.000 

1.500 

.011 

.010 

.046 

.0100 

.0300 

.0417 

1.500 

1.000 

1.500 

.015 

.012 

.084 

.0100 

.0300 

.0937 

1.500 

1.000 

1.500 

.035 

.012 

.  137 
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Table  5 


W1 

W2 

G 

WS 

HH 

XP 

Fmean 

Fmax 

Fmaxr 

.0500 

.0500 

.0139 

1.000 

1.000 

1.069 

.006 

.012 

.015 

.0500 

.0500 

.0500 

1.000 

1.000 

1.100 

.013 

.012 

.057 

.0500 

.0500 

.1000 

1.000 

1.000 

1.150 

.027 

.014 

.182 

.0500 

.0750 

.0200 

1.000 

1.000 

1.060 

.009 

.018 

.021 

.0500 

.0750 

.0434 

1.000 

1.000 

1.094 

.013 

.020 

.038 

.0500 

.0750 

.0955 

1.000 

1.000 

1.137 

.025 

.020 

.171 

.0500 

.  1500 

.0167 

1.000 

1.000 

1.033 

.025 

.045 

.048 

.0500 

.  1500 

.0500 

1.000 

1.000 

1.063 

.019 

.038 

.054 

.0500 

.1500 

.1000 

1.000 

1.000 

1.112 

.030 

.040 

.  148 

.0200 

.0200 

.0139 

1.000 

1.000 

1.097 

.004 

.007 

.037 

.0200 

.0200 

.0500 

1.000 

1.000 

1.138 

.008 

.009 

.070 

.0200 

.0200 

.1000 

1.000 

1.000 

1.188 

.043 

.010 

.144 

.0200 

.0300 

.0200 

1.000 

1.000 

1.100 

.006 

.009 

.027 

.0200 

.0300 

.0434 

1.000 

1.000 

1.128 

.007 

.010 

.070 

.0200 

.0300 

.0955 

1.000 

1.000 

1.181 

.032 

.011 

.212 

.0200 

.0600 

.0167 

1.000 

1.000 

1.083 

.009 

.016 

.022 

.0200 

.0600 

.0500 

1.000 

1.000 

1.112 

.011 

.016 

.040 

.0200 

.0600 

.1000 

1.000 

1.000 

1.163 

.033 

.018 

.174 

.0200 

.0200 

.0111 

1.500 

1.000 

3.167 

.037 

.011 

.467 

.0100 

.0100 

.0116 

1.000 

1.000 

1.123 

.004 

.006 

.026 

.0100 

.0100 

.0417 

1.000 

1.000 

1.146 

.005 

.006 

.040 

.0100 

.0100 

.0937 

1.000 

1.000 

1.198 

.04-2 

.007 

.090 

.0100 

.0150 

.0185 

1.000 

1.000 

1.120 

.004 

.007 

.035 

.0100 

.0150 

.0417 

1.000 

1.000 

1.146 

.006 

.007 

.041 

.0100 

.0150 

.0937 

1.000 

1.000 

1.198 

.047 

.008 

.106 

.0100 

.0300 

.0167 

1.000 

1.000 

1.100 

.004 

.009 

.018 

.0100 

.0300 

.0434 

1.000 

1.000 

1.136 

.007 

.010 

.064 

.0100 

.0300 

.0940 

1.000 

1.000 

1.186 

.031 

.011 

.090 

.4000 

.4000 

.0500 

2.933 

.800 

1.663 

.028 

.048 

.099 

.4000 

.4000 

.  1000 

2.933 

.800 

1.663 

.045 

.045 

.276 

.4000 

.6000 

.1000 

3.000 

.800 

1.663 

.054 

.095 

.284 

.4000 

.4000 

.0500 

2.933 

1.500 

1.712 

.027 

.043 

.073 

.4000 

.4000 

.1000 

2.933 

1.500 

1.712 

.039 

.046 

.228 

.4000 

.6000 

.  1000 

3.000 

1.500 

1.712 

.047 

.087 

.207 

.2000 

.2000 

.0500 

2.933 

.800 

1.663 

.015 

.020 

.  107 

.  2000 

.2000 

.  1000 

2.933 

.800 

1.663 

.042 

.018 

.289 

.2000 

.  3000 

.0500 

3.000 

.800 

1.663 

.019 

.046 

.  100 

.2000 

.3000 

.1000 

3.000 

.800 

1.663 

.047 

.051 

.299 

.2000 

.6000 

.  1000 

3.000 

.800 

1.663 

.063 

.095 

.339 

.2000 

.2000 

.0500 

2.933 

1.500 

1.712 

.015 

.020 

.089 

.2000 

.  2000 

.1000 

2.933 

1.500 

1.712 

.029 

.016 

.237 

.2000 

.  3000 

.0500 

3.000 

1.500 

1.712 

.019 

.041 

.091 

.  2000 

.3000 

.  1000 

3.000 

1.500 

1.712 

.032 

.042 

.242 

.2000 

.6000 

.  1000 

3.000 

1.500 

1.712 

.046 

.081 

.237 

.  1000 

.  1000 

.0167 

2.967 

.800 

1.667 

.008 

.009 

.066 

.  1000 

.  1000 

.0500 

2.967 

.800 

1.663 

.012 

.007 

.108 

.  1000 

.  1000 

.  1000 

2.967 

.800 

1.663 

.051 

.011 

.335 

.  1000 

.  1500 

.0139 

3.000 

.800 

1.667 

.009 

.018 

.058 

.  1000 

.  1500 

.0500 

3.000 

.800 

1.663 

.015 

.019 

.125 

.  1000 

.  1500 

.  1000 

3.000 

.800 

1.663 

.054 

.018 

.326 

.  1000 

.  3000 

.0500 

3.000 

.800 

1.663 

.019 

.045 

.112 

.  1000 

.  3000 

.  1000 

3.000 

.600 

1.663 

.058 

.050 

.320 

.  1000 

.  1000 

.0167 

2.967 

1.500 

1.717 

.007 

.009 

.057 

.  1000 

.  1000 

.0500 

2.967 

1.500 

1.712 

.011 

.008 

.092 

.  1000 

.  1000 

.1000 

2.967 

1.500 

1.712 

.034 

.008 

.287 

.  1000 

.1500 

.0139 

3.000 

1.500 

1.722 

.009 

.019 

.049 
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wi 

W2 

G 

ws 

HH 

-XP 

Fraean 

Fmax 

Frtiaxr 

.0500 

.0750 

.0200 

1.500 

1.000 

1.500 

.018 

.022 

.058 

.0500 

.0750 

.0500 

1.500 

1.000 

1.500 

.027 

.023 

.107 

.0500 

.0750 

.  1000 

1.500 

1.000 

1.487 

.051 

.020 

.255 

.0500 

.  1500 

.0200 

1.500 

1.000 

1.500 

.032 

.047 

.069 

.0500 

.  1500 

.0417 

1.500 

1.000 

1.500 

.030 

.042 

.  106 

.0500 

.  1500 

.0937 

1.500 

1.000 

1.500 

.052 

.039 

.232 

.0200 

.0200 

.0200 

1.500 

1.000 

1.500 

.015 

.009 

.054 

.  0200 

.0200 

.0500 

1.500 

1.000 

1.500 

.023 

.009 

.106 

.0200 

.0200 

.  1000 

1.500 

1.000 

1.487 

.050 

.010 

.302 

.  0200 

.0300 

.0200 

1.500 

1.000 

1.500 

.015 

.012 

.062 

.0200 

.0300 

.0500 

1.500 

1.000 

1.500 

.026 

.026 

.  129 

.0200 

.0300 

.  1000 

1.500 

1.000 

1.487 

.054 

.012 

.239 

.0200 

.0600 

.0200 

1.500 

1.000 

1.500 

.018 

.020 

.055 

.0200 

.0600 

.0417 

1.500 

1.000 

1.500 

.024 

.019 

.098 

.0200 

.0600 

.0937 

1.500 

1.000 

1.300 

.046 

.018 

.218 

.0100 

.0100 

.0167 

1.500 

1.000 

1 .  500 

.015 

.006 

.061 

.0100 

.0100 

.0469 

1.500 

1.000 

1.500 

.057 

.008 

.327 

.0100 

.0300 

.0200 

1.500 

1.000 

1.500 

.015 

.011 

.059 

.0100 

.0300 

.0417 

1.500 

1.000 

1.500 

.022 

.013 

.  122 

.0100 

.0300 

.0937 

1.500 

1.000 

1.500 

.043 

.013 

.224 
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11. 


MICROSTRIP  STEP  MODEL 


The  physical  structure  of  the  step  discontinuity  in  a  package  is  shown  in 
Fig.  11.1. 


d  =  +  X2  21  j 

Fig.  11.1:  Microstrip  step  discontinuity 


This  structure  shows  the  feed  lines  and  current  sources  used  in  the  numerical 
full  wave  analysis.  The  model  of  the  step  discontinuity  is  the  4-port 
equivalent  circuit  shown  in  Figure  11.2. 


I 


step 


Fig.  11.2:  Step  discontinuity  equivalent  circuit 
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In  the  model  the  quasi -static  behaviour  of  the  discontinuity  is  represented 
by  a  T-equivalent  circuit  of  inductors  and  a  capacitor,  and  C 

respectively. 


The  circuit  model  Fig.  11.3,  equivalent  to  Fig.  11.1,  used  in  the 
de-embedding  of  the  numerical  S-parameters,  has  transmission  lines  for  the 
microstrip  and  LSMg  modes  together  with  sources  and  microstnp-LSMQ  mode 
coupling  transformers  N  located  at  the  wider  feedstrip  side  and  Ml  and  M2  and 
at  the  sources  are  also  required  added  to  this  discontinuity  model. 

H  *s  h-  K  '‘i  H  *s  h 


step 

Fig.  11.3;  Equivalent  circuit  representation  of  step  discontinuity  in  a 
package 


11.1.  ANALYTIC  FORMULAE  FOR  THE  QUASI-STATIC  STEP  MODEL 

A  common  quasi -static  equivalent  circuit  used  for  the  microstrip  step  is  the 
T-equivalent  circuit  of  Fig.  11.4. 

Lq  Ltj 


Fig.  11.4: 


Quasi -static  equivalent  circuit  model  for  the  microstrip  step 
discontinuity 
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In  the  model  the  inductances  and  represent  the  inductive  behaviour  of 
the  step  discontinuity  due  to  the  disturbance  of  the  current  distribution  on 
the  feed  lines.  The  capacitance  C  describes  the  effect  of  the  stray  field  at 
the  step  in  width  of  the  wider  feed  line. 


In  order  to  obtain  the  circuit  elements  defining  the  gap  discontinuity 
quasi-static  behaviour,  a  data  base  was  generated  with  normalization  of  the 
geometric  parameters  and  frequency  to  the  substrate  height  h=0.1  mm.  The 
step  geometries  analysed  were: 


strip  width  w^ : 
strip  width  ratio  W2/Wp- 
package  width  w^ : 
cover  height  H: 
frequency : 


400um,  200um,  100|im,  50|im,  20|im,  10|jm 
2,  3,  4,  5,  6,  7,  8,  9,  10 
0.6mm,  0.8mm,  1.0mm,  1.6mm,  3mm 
0.5mm,  2mm 
5GHz  -  30GHz 


A  preliminary  modelling  study  using  the  full  wave  database  was  done  to  detect 
any  discrepancy.  Correction  factors  for  the  elements  of  the  equivalent 
circuit  model  were  introduced  and  the  model  elements  modified  by  fitting  the 
S-parameters  to  the  data  base  results.  Investigation  showed  that  the  values 
of  the  optimized  correction  factors  differed  considerably  from  a  value  of  1 
for  most  step  configurations,  indicating  that  the  basic  description  used  was 
not  very  accurate. 


Due  to  these  deviations  some  additional  convergence  tests  were  performed.  It 
was  found  that  in  certain  cases  results  were  not  sufficiently  convergent. 
For  the  transmission  parameter  S12  and  for  the  magnitude  of  the  reflection 
coefficients  Sll  and  S22  the  deviation  from  the  numerical  data  was  quite 
small  (Figures  11.5-6,  where  Xp  is  the  package  length),  large  deviations 
occurring  in  the  Sll  and  S22  phases.  The  discrepancies  were  traced  to  the 
fact  that  the  S-parameters  were  normalized  to  50  Ohm  reference  impedances. 
As  a  result  at  low  frequencies  (quasi -static  range)  the  magnitude  of  the 
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jeoroetry;  ul=  .100  u2=  .300  h=  .100  H=1.00  Ws=2.000  xp“1.223 

f/GHz 
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Fig.  11.6:  Sll  and  S22  for  step  configuration 
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reflection  coefficients  of  the  step  discontinuity  becomes  relatively  small. 
The  impedance  of  the  elements  and  ^  and  the  admittance  of  the  element 
of  the  equivalent  circuit  model  decrease  and  are  zero  for  the  static  case  and 
the  phase  of  Sll  and  S22  are  no  longer  definable.  These  problems  were 
overcome  by  using  double  precision  accuracy  in  the  numerical  full  wave 
analysis  thus  giving  stable  results  for  small  steps  in  strip  width  and  low 
frequencies  {f*h>0,05  GHz  mm)  and  changing  the  reference  impedance  from  50Q 
to  the  individual  strip  impedance  values  at  zero  frequency. 

A  major  step  in  the  generation  of  the  final  analytic  formulae  for  the  static 
portion  of  the  circuit  model  was  to  fit  the  S-parameters  of  the  T-equi valent 
circuit  to  the  numerical  data  sets.  The  analytic  formulae  structure  for  the 
elements  of  the  circuit  model  were  constructed  to  reflect  the  correct 
asymptotic  behaviour  of  the  S-parameters  for  the  limit  of  low  strip  width 
ratios  W2/w^.  Analytical  formulae  for  L^,  and  C  developed  from  published 
expressions  (1)  were  used  as  a  basis  for  refinement.  The  inductances  and 

a 

were  not  fitted  independently  from  each  other,  but  were  calculated  from 
the  total  inductance  L2=Lg+L|j  and  from  the  inductance  ratio  Lg/l-ij*  Thus  Lj, 
and  Lg  are  given  by: 

”  *  V'-b’ 

-  Lb 

The  total  inductance  was  fitted  using  the  correction  factor  FC_ZLS,  the 
inductance  ratio  L,/L.  using  the  correction  factor  FC  ZLAB  and  the 
capacitance  C  using  the  correction  factor  FC_YCS,  respectively.  These 
correction  factors  were  derived  by  first  fitting  for  each  data  set 
individually  the  S-parameters  of  the  T-equivalent  circut  model  to  the  data 
base  results.  The  correction  factors  obtained  are  listed  in  Table  1  (Section 
11.5)  for  127  data  sets.  As  can  be  seen  by  inspection,  the  total  inductance 


.183. 


Lg  and  the  capacitance  C  need  only  small  refinement.  Their  correction 
factors  do  not  deviate  significantly  from  the  value  of  1.  However  the  Lg/L^^ 
ratio  is  obviously  not  predicted  accurately  by  the  basic  formula. 

At  first  it  was  found  that  the  de-embedding  was  sensitive  to  the  step 
characteristic  impedances.  In  the  model  the  characteristic  impedances  are 
predicted  by  the  analytic  formulae  developed  in  Section  4  and  are  not  exactly 
identical  to  the  characteristic  impedances  used  in  the  3D  full -wave  analysis. 
To  overcome  this  sensitivity  the  analytic  characteristic  impedances  were 
included  in  the  fitting  procedure  to  get  high  prediction  accuracy  for  the 
elements  of  the  T-equivalent  circuit  together  with  a  correction  factor  FC_ZL 
{  Zl  1 '  =  Zl  i*FC_ZL ,  1^2  where  Z^^  and  1^2  characteristic 

impedance  of  the  feedlines  of  width,  Wj  and  W2  respectively).  The  values  of 
the  correction  factor  FC_ZL  are  in  the  range  of  1<FC  ZL<1.031  and  reflect  the 
high  quality  of  the  analytic  formulae  (Table  1). 


In  a  second  step,  the  correction  factors  were  used  to  develop  the  refined 
analytic  formulae  for  the  static  portion  of  the  step  equivalent  circuit 
model.  The  final  analytic  formulae  obtained  were: 


2*n*f*  /  Q  = 


0.3/74  *  (f/GHz)  *  (h/mm)  *  (1  -  w^^^^  ^^Zeff^ 
*  (w^/w^)^-^^  *  (w^/h)°-^2^ 


2*n*f*  C/S 


dl,  *3,  /  Z 


L2 


(1  -  w 


leff 


Vff^ 


1.5 


L,  /  L. 


0.1444  *  (^leff/'^zeff  *  +  2.878*^2/^^) 


the  units  being  MKS  unless  stated  otherwise.  The  parameters  dl^,  ^2  ^L2 

are  the  effective  open  end  length  (determined  as  in  Section  9),  the 
propagation  constant  and  the  characteristic  impedance  of  the  feedline  of 
width  W2 ,  respectively,  where  the  effective  widths  are  given  by  the  formulae 
in  Section  11.4. 
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In  Table  2  (Section  11.5)  the  mean  deviation  the  maximum  deviation 

mean 

the  relative  maximum  deviation  F _ for  each  data  set  are  listed  for 

indX  iTiaXr 

parameters  Sll,  S12  and  S22.  The  overall  data  set  deviations  are: 


Sll: 

'^max=4-63^. 

S12: 

^mean=0-419^» 

'^max=l-72?. 

S22: 

^max=4-31%. 

^maxr~3*27% 

Detailed  inspection  shows  that  the  larger,  maximum  relative  deviations  are 
related  to  the  S-parameters  for  discontinuities  of  small  ratios  in  strip 
width  (w2/w^=2).  The  respective  maximum  absolute  deviations  are  also  quite 
small  and  the  analytic  formulae  take  the  correct  behaviour  for  small  W2/Wj^ 
ratios  into  account.  The  reflection  coefficient  residual  error  exceeds  1% 
only  for  one  input  strip  width  (wj=0.2h)  and  width  ratios  larger  than  6. 
This  can  be  attributed  to  accuracy  limitations  in  the  numerical  data. 

11.2.  DESCRIPTION  OF  THE  TRANSFORMERS  IN  THE  DYNAMIC  MODEL 

Although  in  previous  investigations  on  step  discontinuity  circuit  models 
circuits  with  2  transformers  at  the  step  were  studied  (Section  5),  it  was 
found  that  a  single  transformer  was  adequate  (Fig.  11.3).  From  physical 
considerations  the  transformer  was  positioned  at  the  wider  side  of  the  step 
discontinuity  where  the  main  excitation  of  the  parasitic  LSMg'  mode  occurs. 
In  this  model  the  transformer  ratio  N  has  to  reflect  that  when  the  feed  lines 
are  of  nearly  equal  strip  width,  there  is  no  excitation  of  the  parasitic 
package  mode  and  therefore  the  transformer  ratio  has  to  decrease  with 
decreasing  W2-w^  (w2>Wj^). 

The  description  of  N  for  the  step  discontinuity  can  be  determined  from 
studying  the  gap  discontinuity  in  the  case  of  small  gap  widths  (g^O).  In 
this  case,  the  LSMg  mode  transmission  line  length  g  can  be  neglected,  the 
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transformers  and  being  connected  in  series.  The  package  mode  is  then 
excited  by  the  fundamental  microstrip  mode  depending  on  the  difference 
between  Based  on  these  considerations  the  new  formulae  for  the 
transformer  ratio  N  of  the  step  discontinuity  takes  the  form 


H  = 

where  and  are  computed  as  for  the  gap  discontinuity. 

For  fine  tuning  the  transformer  ratio  description  following  data  base  was 
generated: 


strip  width  w^^: 
strip  width  rato  W2/Wj^ : 
substrate  width  W^: 
cover  height  H: 
feed  line  ratio 
frequency; 


200pm,  100|jm,  BOpm 

2,  3,  4,  5,  6.  7,  8,  9,  10 

1.6mm,  3.2mm 

1mm 

0.6 

90GHz  -  120GHz 


The  package  length  was  chosen  to  have  a  package  resonance  frequency  of  about 
107  GHz  within  the  frequency  range  of  interest. 


Dynamic  model  2-port  S-parameters  were  generated  and  compared  to  the  data 
base  results.  However  it  was  found  that  for  several  data  sets  the  resonance 
behaviour  of  the  dynamic  equivalent  circuit  model  differed  from  the  data  base 
S-parameters.  An  example  of  this  is  given  for  S12  in  Fig.  11.7.  Further 
investigations  found  that  the  equivalent  circuit  model  is  correct,  but  that 
the  S-parameters  of  the  step  discontinuity  model  are  sensitive  with  respect 
to  the  propagation  constants  of  the  fundamental  microstrip  modes  used  in  the 
de-embedding  on  the  feed  lines.  A  similar  sensitivity  was  found  in  the 
previous  section  regarding  the  characteristic  impedance  of  the  fundamental 
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FULL -WAVE 


DYN.  model 


Fig.  11.7:  Deviation  of  the  dynamic  model  from  full  wave  analysis 

Geometry:  .350  lua  -  ,100  h-  .100  H-1.00  Ws  =  1.600  xp=2.339 


f /GHz 

30,  93.  95.  99.100.103.105.108,110.113.115.118.120. 
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Fig.  11.8:  S12  for  same  step  with  propagation  constant  increase 


Geometry:  uil=  .200  ui2=  .400  h=  .100  H=1.00  Hs  =  l.S00  xp=2.339 

f/GHz 


FULL -WAVE  DYN.  MODEL 


Fig.  11.9;  S12  for  transformer  ratio  verification,  configuration  1 

jejiTte  t  r ,  -  .  J0H  n  .100  M-1.00  Ws  1.600  xp-2.j33 

f  GH; 

JO.  'Jj.  JS.  39  100.  103.  ',05.  108.  I  10.  1 13.  115.  1  10  .  120. 


FULL -WAVE  DYN.  MODEL 


Fig.  11.10:  S12  for  transformer  ratio  verification,  configuration  2 
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microstrip  mode.  The  results  (Fig.  11.8)  show  parameters  S12  of  the  same 
step  configuration  but  with  the  propagation  constants  increased  slightly.  As 
can  be  seen  the  resonance  behaviour  of  the  dynamic  equivalent  circuit  model 
is  in  good  agreement  with  the  data  base  results. 

In  order  to  keep  CPU  times  reasonable,  the  numerical  analysis  was  performed 
using  a  relatively  low  number  of  expansion  functions.  Nevertheless,  the  data 
bas'''  generation  was  still  time  consuming.  To  overcome  the  sensitivity 
problems,  the  propagation  constants  were  fitted  by  correction  factors  during 
the  deembedding  of  the  transfer  ratio  N. 

As  a  result  of  comparing  the  resonance  behaviour  of  the  dynamic  equivalent 
circuit  model  to  the  data  base  S-parameters  it  was  found  that  the  formula 

N  =  N2  -  N^ 

provides  a  very  good  prediction  of  the  coupling  between  the  fundamental 
microstrip  mode  and  the  LSMgpackage  mode.  Further  fine  tuning  was  found  not 
to  be  necessary.  Results  in  Figs.  11.9-11.10  show  the  achieved  degree  of 
accuracy . 

11.3.  TRANSFORMER  ANALYTIC  FORMULAE  FOR  THE  FREQUENCY  TRANSITION  REGION 

Completion  of  the  step  discontinuity  model  description  requires  an 
investigaton  of  the  transition  region.  The  transition  region  is  defined  as 
the  frequency  range  beyond  the  validity  range  of  the  static  behaviour  of  the 
step  equivalent  circuit  model  but  reasonably  below  the  package  resonance 
frequency.  A  variety  of  step  configurations  were  thus  studied  in  the 

frequency  range  0-120GHz  (normalized  frequency  0  <  f*h<12GHzmm) . 

The  close  relation  between  the  equivalent  circuit  model  for  the  step  and  the 
gap  discontinuity  regarding  the  transformer  ratios  has  been  already 
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explained.  Based  on  these  considerations  it  was  expected  that  the  analytic 
formulae  for  the  dynamic  transformer  ratios  developed  for  the  gap 

discontinuity  can  be  applied  successfully  to  the  step  discontinuity. 


A  dynamic  transformer  ratio  description 


N 


*  cos  ^(0.5*7i*(f-fo)/fo) , 


f<fo 

f>fo 


was  introduced  for  the  step  transformers  Ml,  M2  and  Nl,  the  parameters  fQ  and 
f^  represented  by  the  expressions. 


fn  =  f^  *  1.4  *  fo'*  (1  +  exp(-0.638  *  w  /h  *  H/h)  )* 
U  C  o  s 

(1  -  2.33  *  exp(-0.33  *  w^/h)) 

fo'  =  1.0 


A  specific  transition  region  data  base  of  27  configurations  was  generated  for 
final  verification.  The  results  (Figs.  11.11-12)  show  scattering  parameters 
S12  for  two  different  step  configurations.  The  geometrical  parameters  are 
given  in  the  header  of  the  respective  result  figures.  Fine  tuning  of 
parameters  fg '  or  f^  was  found  not  to  be  necessary  the  model  fitting  the 
data  sets  with  sufficient  accuracy. 


11.4.  STEP  MODEL  SUMMARY 


A  summary  of  the  analytic  formulae  for  the  microstrip  step  discontinuity 
(w2>w^)  IS  given  in  this  section,  where  ^  and  ^  are 

computed  according  to  Section  4.  All  units  are  MKS  except  where  stated  in 
the  formulae. 


.191. 


Quasi-static  inductances  L, ,  and  capacitance  C 


2*-*f  *  u  /  n  =  0.3774  *  (f/GH2)  *  (h/mm)  *  (1  -  wieff  /  W2eff)  ’ 

*  (W2/Wl)'^'^®  *  (wi/h)°  ®^ 

2*-*f  *  C  /  S  =  dl2  *  32  /  Zl2  *  (1  -  Wieff  /  W2eff)  ^  ^ 

La  /  Uj  =  0.1444  *  (wieff  /  W2eff)  *  (1  +  2.878*W2/wi) 

Lb  =  Ls  /  (1  +  La/Lb)  and 
La  =  L.s  -  Lb 

The  parameters  dl  2 ,  32  ^L2  effective  open  end  length,  the 

propagation  constant  and  the  characteristic  impedance  of  the  feedline  of 
width  respectively. 

Transformer  ratios  N,  Ml,  M2 

Ml  =  -Ndyn{Wi) 

M2  =  -N<jyn(W2) 

N  =  Ndyn(W2)  -  Ndyn(Wi) 


NfWi)  *  COS^^  (  0  )  f<fn 
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Wief,  =  Zo  *  h  /  /  \l 

fo  =  fc  *  1.4  *  (  1  ^  exp(-0.0638  *  Ws/h  *  H/h)  )*  (1  -  2.33  *  exp(-0.33  *  Ws/h)) 
fi  =  2 

Range  of  Model  Validity 

The  step  models  are  valid  for  the  following  ranges  (GaAs  dielectric  constant 
=  12.9); 


qua  si -static  model : 

50  pm 

<  h 

< 

200  ^lm 

0.1 

4  w/h 

< 

4 

2 

<  w2/wl 

< 

10 

6 

<  Ws/h 

< 

30 

5 

<  H/h 

< 

20 

dynamic  model : 

0.5 

<  w/h 

< 

2 

2 

<  w2/wl 

< 

10 

5 

<  Ws/h 

< 

32 

5 

<  H/h 

< 

20 

where  the  quasi -static  model  is  that  of  Fig.  11.4  and  the  dynamic  model  that 
of  Fig.  11,2.  The  dynamic  model  range  is  valid  for  0  <  f*h  <  12  GHz  mm. 
Package  mode  coupling  has  little  influence  for  0  <f*h  <  3  GHz  mm  and  the 
quasi-  static  formulae  can  be  used  on  their  own. 
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Table  1 


STEP 

'  GEOMETRY 

OPTIMIZED 

CORRECTION 

FACTORS 

W1 

W2 

WS 

HR 

XP 

FC_2LS 

FC_ZLAB 

FC_YCS 

FC_ZL 

.4000 

.8000 

3.20 

.50 

3.20 

1.159 

1.211 

.349 

1.007 

.4000 

1.2000 

3.20 

.50 

3.20 

1.150 

18.609 

.490 

1.008 

.4000 

1.6000 

3.20 

.50 

3.20 

1.193 

21.390 

.519 

1.008 

.4000 

2.0000 

3.20 

.50 

3.20 

1.272 

2.413 

.471 

1.007 

.4000 

2.4000 

3.20 

.50 

3.20 

1.437 

.533 

.494 

1.003 

.4000 

.8000 

3.20 

2.00 

3.20 

1.429 

10.277 

.487 

1.003 

.4000 

1.2000 

3.20 

2.00 

3.20 

1.257 

20.761 

.646 

1.005 

.4000 

1.6000 

3.20 

2.00 

3.20 

1.278 

.928 

.690 

1.010 

.4000 

2.0000 

3.20 

2.00 

3.20 

1.387 

1.882 

.694 

1.009 

.4000 

2.4000 

3.20 

2.00 

3.20 

1.554 

36.793 

.687 

1.004 

.2000 

.4000 

3.20 

.50 

3.20 

.603 

5.307 

.290 

1.008 

.2000 

.6000 

3.20 

.50 

3.20 

.824 

17.768 

.489 

1.011 

.2000 

.8000 

3.20 

.50 

3.20 

.942 

25.053 

.551 

1.013 

.2000 

1.0000 

3.20 

.50 

3.20 

1.144 

-.198 

.825 

1.027 

.2000 

1.2000 

3.20 

.50 

3.20 

.942 

38.127 

.585 

1.014 

.2000 

1.4000 

3.20 

.50 

3.20 

1.011 

35.995 

.597 

1.019 

.2000 

1.6000 

3.20 

.50 

3.20 

1.062 

39.498 

.593 

1.017 

.2000 

1.8000 

3.20 

.50 

3.20 

1.113 

39.830 

.582 

1.016 

.2000 

2.0000 

3.20 

.50 

3.20 

1.173 

30.838 

.566 

1.014 

.2000 

.4000 

3.20 

2.00 

3.20 

1.133 

-.549 

.403 

1.008 

.2000 

.6000 

3.20 

2.00 

3.20 

1.015 

24.338 

.601 

1.008 

.2000 

.8000 

3.20 

2.00 

3.20 

.984 

26.492 

.690 

1.009 

.2000 

1.0000 

3.20 

2.00 

3.20 

.999 

15.873 

.743 

1.010 

.2000 

1.2000 

3.20 

2.00 

3.20 

1.028 

44.094 

.769 

1.011 

.2000 

1.4000 

3.20 

2.00 

3.20 

1.074 

.649 

.786 

1.016 

.2000 

1.6000 

3.20 

2.00 

3.20 

1.126 

.457 

.798 

1.017 

.2000 

1.8000 

3.20 

2.00 

3.20 

1.178 

6.691 

.797 

1.011 

.2000 

2.0000 

3.20 

2.00 

3.20 

1.241 

1.037 

.796 

1.014 

.  1000 

.2000 

1.07 

.50 

1.07 

.988 

-.503 

.318 

1.007 

.1000 

.3000 

1.07 

.50 

1.07 

.827 

12.121 

.518 

1.011 

.  1000 

.4000 

1.07 

.50 

1.07 

.779 

23.333 

.634 

1.016 

.1000 

.5000 

1.07 

.50 

1.07 

.764 

43.490 

.707 

1.019 

.1000 

.2000 

1.07 

2.00 

1.07 

1.384 

3.937 

.307 

1.007 

.1000 

.  3000 

1.07 

2.00 

1.07 

.956 

13.971 

.519 

1.012 

.  1000 

.4000 

1.07 

2.00 

1.07 

.853 

25.800 

.639 

1.016 

.  1000 

.5000 

1.07 

2.00 

1.07 

.827 

37.012 

.711 

1.021 

.  1000 

.2000 

1.60 

.50 

1.60 

-.797 

.873 

.333 

1.006 

.  1000 

.3000 

1.60 

.50 

1.60 

.300 

10.105 

.517 

1.010 

.  1000 

.4000 

1.60 

.50 

1.60 

.471 

19.790 

.629 

1.012 

.  1000 

.5000 

1.60 

.50 

1.60 

.555 

26.498 

.695 

1.015 

.  1000 

.6000 

1.60 

.50 

1.60 

.597 

44.984 

.745 

1  015 

.  1000 

.7000 

1.60 

.50 

1.60 

.646 

38.457 

.773 

1.016 

.  1000 

.8000 

1.60 

.50 

1.60 

.676 

59.403 

.794 

1.016 

.  1000 

.9000 

1.60 

.50 

1.60 

.725 

38.370 

.808 

1.017 

.  1000 

1.0000 

1.60 

.50 

1.60 

.755 

52.983 

.814 

1.017 

.  1000 

.3000 

1.60 

2.00 

1.60 

.622 

10.173 

.525 

-1.008 

.  1000 

.4000 

1.60 

2.00 

1.60 

.655 

17.043 

.642 

1.010 

.  1000 

.5000 

1.60 

2.00 

1.60 

.690 

28.052 

.712 

1.013 

.  1000 

.6000 

1.60 

2.00 

1.60 

.702 

55.286 

.762 

1.013 

.  1000 

.7000 

1.60 

2.00 

1.60 

.741 

53.604 

.795 

1.015 

.  1000 

.8000 

1.60 

2.00 

1.60 

.767 

52.050 

.814 

1.015 

.  1000 

.9000 

1.60 

2.00 

1.60 

.797 

58.673 

.834 

1.017 

.  1000 

1.0000 

1.60 

2.00 

1.60 

.824 

57.394 

.840 

1.018 

.0500 

.1000 

1.07 

.50 

1.07 

.953 

1.127 

.198 

1.003 

.0500 

.1500 

1.07 

.50 

1.07 

.790 

3.929 

.410 

1.006 

.0500 

.2000 

1.07 

.50 

1.07 

.595 

6.665 

.504 

1.008 
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05  00 

.2500 

1.07 

.50 

1.07 

.  52  3 

17.257 

.597 

1.011 

0503 

.  3000 

1  .  C  "i* 

.50 

1.07 

.566 

17.551 

.657 

1.011 

0500 

.  3500 

1.07 

.50 

1.07 

.613 

16.626 

.691 

1.014 

0500 

.  4000 

1.07 

.50 

1.07 

.605 

25.822 

.745 

1.015 

0500 

.4500 

1.07 

.50 

1.07 

.609 

34.450 

.773 

1.016 

C50C 

.5000 

1.07 

.50 

1.07 

.643 

22.384 

.789 

1.017 

0300 

.  1000 

1.07 

2.00 

1.07 

1.640 

1.000 

.207 

1.004 

0500 

.  1500 

1.C7 

2.00 

1.07 

1.008 

3.427 

.390 

1.006 

0500 

.  2000 

1.07 

2.00 

1.07 

.790 

9.677 

.500 

1.009 

0500 

.2500 

1.07 

2.00 

1.07 

.699 

-.130 

.595 

1.011 

0500 

.  3000 

1.07 

2.00 

1.07 

.705 

22.840 

.651 

1.013 

0500 

.3500 

1.07 

2.00 

1.07 

.690 

16.126 

.701 

1.016 

0500 

.  4000 

1.07 

2.00 

1.07 

.644 

35.912 

.740 

1.016 

0500 

.4500 

1.07 

2.00 

1.07 

.632 

34.988 

.770 

1.017 

0500 

.  5000 

1.07 

2.00 

1.07 

.697 

31.760 

.791 

1.019 

0500 

.  1000 

1.60 

.50 

1.60 

-2.286 

1.113 

.218 

1.004 

0500 

.2000 

1.60 

.50 

1.60 

.207 

17.671 

.507 

1.007 

0500 

.2500 

1.50 

.50 

1.60 

.291 

8.587 

.587 

1.009 

0500 

.  3000 

1 . 60 

.50 

1.60 

.412 

20.185 

.650 

1.011 

0500 

.  3500 

1.60 

.50 

1.60 

.402 

16.065 

.696 

1.012 

0500 

.4000 

1.60 

.50 

1.60 

.468 

22.486 

.733 

1.012 

0500 

.  4500 

1.60 

.50 

1.60 

.523 

30.332 

.758 

1.015 

0500 

.  5000 

1.60 

.50 

1.60 

.529 

41.339 

.784 

1.014 

0500 

.  1000 

1 . 60 

2.00 

1.60 

-.297 

1.013 

.254 

1.004 

0500 

.1500 

1.60 

2.00 

1.60 

.341 

7.546 

.  393 

1.005 

0500 

.2000 

1.60 

2.00 

1.60 

.476 

7.332 

.505 

1.007 

0500 

.2500 

1.60 

2.00 

1.60 

.539 

9.016 

.597 

1.008 

05C0 

.  3000 

1.60 

2.00 

1.60 

.500 

16.479 

.655 

1.008 

0500 

.  3500 

1.60 

2.00 

1.60 

.533 

17.873 

.702 

1.010 

0500 

.4000 

1.60 

2.00 

1.60 

.603 

44.782 

.7A0 

1.011 

0500 

.4500 

1.60 

2.00 

1.60 

.592 

33.597 

.768 

1.012 

0500 

.5000 

1.60 

2.00 

1.60 

.623 

28.504 

.796 

1,012 

0200 

.0467 

.85 

.50 

.85 

5.272 

1.060 

.  129 

1.004 

0200 

.0600 

.85 

.  50 

.85 

2.439 

1.237 

.220 

1.006 

0200 

.0867 

.85 

.50 

.85 

1.303 

4.796 

.337 

1.008 

0200 

.  1000 

.85 

.50 

.85 

1.135 

5.342 

.399 

1.010 

0200 

.  1267 

.85 

.  50 

.85 

.920 

8.002 

.470 

1.012 

0200 

.  1400 

.85 

.50 

.85 

.811 

7.719 

.509 

1.012 

0200 

.  1667 

.85 

.50 

.85 

.883 

16.944 

.562 

1.015 

0200 

.  1800 

.85 

.50 

.85 

.818 

11.574 

.588 

1.016 

0200 

.2067 

.85 

.50 

.85 

.67  3 

17.585 

.625 

1.018 

0200 

.0467 

.85 

2.00 

.85 

5.122 

1.013 

.049 

1.004 

0200 

.0600 

.85 

2.00 

.85 

2.873 

.984 

.211 

1.006 

0200 

.0867 

.85 

2.00 

.85 

1.435 

2.103 

.340 

1.009 

0200 

.  1000 

.85 

2.00 

.85 

1.170 

11.268 

.388 

1.011 

0200 

.  1267 

.85 

2.00 

.85 

.861 

8.146 

.470 

1.013 

0200 

.  1400 

.85 

2.00 

.85 

.866 

9.227 

.501 

1.013 

0200 

.  1667 

.85 

2.00 

.85 

.724 

14.494 

.563 

1.016 

0200 

.  1800 

.85 

2.00 

.85 

.698 

14.097 

.592 

1.017 

0200 

.2067 

.85 

2.00 

.85 

.631 

15.651 

.621 

1.018 

0100 

.0300 

.64 

.50 

.64 

7.018 

2  756 

.012 

1.014 

0100 

.0400 

.64 

.50 

.64 

3.957 

4.641 

.  149 

1.017 

0100 

.0500 

.64 

.  50 

.64 

2.686 

6.762 

.220 

1.020 

0100 

.0600 

.64 

.50 

.64 

1.943 

8.965 

.298 

1.07 

0100 

.0700 

.64 

.50 

.64 

1.645 

10.296 

.335 

0100 

.0800 

.64 

.50 

.  64 

1.445 

8.780 

.391 

1  326 

0100 

.0900 

.64 

.50 

.64 

1.415 

14.366 

.413 

1.028 

0100 

.  1000 

.64 

.  50 

.64 

1.191 

12.627 

.460 

1.030 

0100 

.0200 

.64 

2.00 

.64 

28.171 

1.138 

-.154 

1.010 

0100 

.0300 

.64 

2.00 

.64 

7.404 

3.232 

.019 

1.014 

0100 

.0400 

.64 

2.00 

.64 

4.101 

2.053 

.  I  'jH 

1.018 

0100 

.0500 

.64 

2.00 

.64 

2.867 

6.006 

1.021 

0100 

.0600 

.64 

2.00 

.64 

1.973 

10.403 

.293 

1.023 

0100 

.0700 

.64 

2.00 

.64 

1.589 

13.498 

.344 

1.025 

0100 

.0800 

.64 

2.00 

.64 

1.332 

7.704 

.394 

1.027 

0100 

.0900 

.64 

2.00 

.64 

1.206 

6.50'' 

.415 

1.029 

0100 

.  1000 

.64 

2.00 

.64 

1.328 

19.782 

.463 

1.031 
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Table  2 


:t?v 


••  - 

V.’  z 

ws 

HH 

X? 

F  mean 

311 

Fmax 

Fma.<r 

Fmean 

S12 

Fmax 
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12. 


MICROSTRIP  90°  BEND  MODEL 


The  physical  realisation  of  the  90°  bend  in  a  package  is  shown  in  Fig.  12.1. 


Fig.  12.1:  Microstrip  90"  bend  structure  in  a  package 


where  the  package  is  described  by  its  width  w^  and  its  cover  height  H.  The 
bend  feedlines  stripl  and  strip2  are  centred  in  the  package.  The  figure  also 
shows  the  total  current  sources  Iq^  and  Iq2  used  in  the  full  field  analysis. 
The  dynamic  equivalent  circuit  model  description  of  this  situation  is  shown 
in  Fig.  12.3. 


Fig.  12.2:  Dynamic  equivalent  circuit  model 

.199. 


The  model  includes  a  quasi-static  T-equivalent  circuit  model  described  by  two 
inductors  and  a  capacitor,  the  microstrip-LSMQ  mode  coupling  transformers  Ml, 
M2,  N1  and  N2  and  the  bidirectional  LSMq^  -  LSMq2  coupling  transformer  N3. 

The  bend  discontinuity  stripped  of  feedlines  and  current  sources  is  shown 
in  Figure  12.2. 


Fig.  12.3:  Equivalent  circuit  representation  of  a  bend  discontinuity  in  a 
package 

12.1.  EXPRESSIONS  FOR  THE  STATIC  PART  OF  THE  DYNAMIC  BEND  MODEL 

The  quasi-static  equivalent  circuit  model  in  Figure  12.4  was  used  for  the 
90°-bend  discontinuity.  This  equivalent  circuit  model  has  been  used 
extensively  in  the  technical  literature  (1,2),  the  element  values  being 
expressed  by  anaytical  formulae. 
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Fig  12.4.  Quasi -static  equivalent  circuit  model  for  the  microstrip 
90°-bend  discontinuity. 


Static  Model  Full  Wave  Database 


A  specific  quasi -static  data  base  for  the  90°-bend  was  generated  using  the 
full -wave  analysis  program.  For  the  database  the  90°-bend  configurations 
were  analysed  for  frequencies  of  5  GHz  to  30  GHz  in  steps  of  5  GHz,  the 
geometrical  parameters  of  the  90°-bend  configurations  being  chosen  for  values 
of  strip  widths  w^  and  ^2  ^^d  package  dimensions  H  and  normalized  to  the 
substrate  height  h=0.1  mm  as  outlined  in  Fig.  12.1. 

The  cover  heights  used  in  the  generation  of  the  data  base  were  0.5  mm  and 
2  mm,  with  package  dimension,  width/lengths  W^  =  3.2  mm,  2.1  mm,  1.6  mm  and 
1.3  mm  and  the  position  of  stripl  was  fixed  at  the  centre  of  the  package  x^  = 
0.5*w^  and  that  of  strip2  d  =  1^  +  x^. 

The  feed  line  widths  and  ratios  were: 

w^  =  400  pm,  200  iim,  100  ^un,  50  ^m,  20  ^m,  10  pm,  and 
Wz/Wj^  =  1,  1.25,  1.5,  2,  3,  4,  5. 

From  all  possible  parameter  combinations  a  subset  of  85  different  bend 
configurations  were  analysed  to  generate  the  specific  quasi-static  data 
base. 


.201. 


Due  to  a  high  CPJ  time  requirement,  tests  performed  for  full  convergence  of 
the  numerical  computations  were  limited.  Convergence  checks  for  bend 
configurations  with  very  narrow  feed  lines  showed  an  accuracy  of  about  5%, 
the  accuracy  being  better  for  wide  strips.  Strip  widths  of  less  than  10  ^^m 
were  not  analysed  because  the  numerical  computations  would  have  taken  too 
long  a  time  or  the  achievable  accuracy  would  not  have  been  acceptable. 

Expressions  for  the  Static  Model  Description 


As  a  basis  for  the  static  modelling,  analytical  formulae  were  taken  fc*'  the 
unsymmetric  S0®-bend  from  the  Ph.D  thesis  by  Kirschning  (2). 

The  S-parameters  of  the  T-equi valent  circuit  model  were  fitted  to  the 
numerical  data  sets  for  the  generation  of  the  analytic  formulae  describing 
the  static  behaviour  of  the  bend  equivalent  circuit  mooel .  During  this 
process  the  inductances  L^and  were  not  fitted  independently  of  each  other, 
but  were  calculated  from  the  total  inductance  Lg=Lg+Ljj  and  the  inductance 
ratio  similar  to  the  step  discontinuity. 

The  total  inductance  was  fitted  using  the  correction  factor  rC_ZLS;  the 
inductance  ratio,  L^/L^  using  the  correction  factor  FC_ZLAB  and  the 
capacitance  C  using  the  correction  factor  FC_YCS.  These  correction  factors 
were  derived  by  first  fitting  the  S-parameters  of  the  T-equi valent  circuit 
model  for  each  data  set  to  the  numerical  data  base  results.  The  correction 
factors  obtained  are  listed  in  Table  1  (Section  12.6)  for  85  da^a  sets. 

A  detailed  look  at  the  correction  factor  showed  that  the  basic  analytical 
expression  did  not  reflect  the  correct  behaviour  of  the  bend  discontinuity 
(correction  factors  far  away  from  the  value  1).  Only  for  symmetrical  bends 
do  the  expressions  show  a  reasonable  accuracy.  However  using  these  factors, 
a  new  set  of  analytic  formulae  were  derived: 
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2'-*f  *  u  /  n  =  2*-*  (f/GHz)  '  (h/mm)  *  0.1865  *  (  Li  +  Ls  ) 

*  (w2/wi)°-^^  ’  ■  oosoa-wi/h) 

*  exp  (  -0.214*(w2/wi-1)’°°^^^  *  (wi/h)-^'^’^  ) 

Li  =  (  1  -  1.667  *  exp(  -0.5862*(wi/h)’  °®®  )  * 

(  1  +  0.691*  exp(  -3.88*(wi/h-1.2)^  ) 

L2  =  (  1  -  1.667  *  exp(  -0.5862*(W2/h)’  ‘^®  )  * 

(  1  +  0.691*  exp(  -3.88*(w2/h-1.2)^  ) 

2*T:*f  *  C  /  S  =  2*-:7*  (f/GHz)  *  (h/mm)  * 

(  104.0*(wi/h)^  ''^®  +  55.66* (wi/h)  -  10.36*exp(^.1»wi/h)  )  * 

(  6.55  -  5.55*exp(  -0.2022*(W2/wi-1)°'^^’’^  )  )  * 

(W2/Wi)°®'‘2*<  '  ■  * 

exp(  -0.0581*(w2/wi-1)’  ''^  *  (wi/h)'°-^^^®  ) 

with  La  =  Ls  -  Lt) 

Lb  =  Ls  /  (1  +  La/Lb) 

La  /  Lb  =  0.5  *  (  1+  ) 

where  the  units  are  MKS  unless  otherwise  stated  in  the  formulae. 

In  Table  2  (Section  12.6)  the  mean  deviation  the  maximum  deviation 

mean 

the  relative  maximum  deviation  are  listed  for  parameters  Sll, 

moA  maA 

S12  and  S22  for  each  data  set.  The  overall  deviations  considering  all 
evaluated  data  sets  are: 


Sll: 

F  =3.38%, 

mean  ’ 

f^max^O-O^OS. 

S12: 

'^mr.  =  n=0-56%, 

mean 

^max=0-0381. 

P™axr=''-°2* 

S22: 

F„^^n=3.00%, 
mean  ’ 

f^max^O-O^Se. 
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As  found  with  the  microstrip  step  discontinuity  the  larger  maximum  relative 
deviations  occur  for  discontinuities  of  small  strip  widths  (e.g.  w^=W2=50|im, 
w^=10um/w2=12.5Mm) .  For  these  two  cases  the  maximum  absolute  deviations  are 
still  quite  small  =0.004,  F„^^=0.01)  and  acceptable  for  design 
applications.  Reasonable  high  accuracy  was  achieved  for  strip  width  ratios 
of  up  to  W2/w^=5. 

12.2.  STUDY  OF  THE  STATIC  MODEL  OVER  THE  COMPLETE  FREQUENCY  RANGE 

In  order  to  bring  out  the  basic  dynamic  behaviour  of  the  bend  discontinuity, 
representative  discontinuity  structures  were  reanalysed  over  an  increased 
frequency  range  of  120  GHz.  These  bends  were  described  by  the  following 
geometry  parameters;  w^  =  125pm,  62,26pm,  W2/w^  =  1,  2,  and  H  =  0.5mm,  1mm. 

Package  lengths  equal  to  the  package  widths  of  W^=lmm  and  Wg=2mm,  were  used, 
the  bend  position  in  the  package  being  either  in  the  centre  or  defined  by 
x^=0.7x^  centre  and  X2=0.7x2  centre  respectively. 

Based  on  the  full -wave  data  generated,  it  was  identified  that  in  order  to 
obtain  a  good  fit  over  the  extended  frequency  range,  the  quasi -static  portion 
of  the  circuit  model  should  be  extended  to  have  a  more  frequency  dependent 
description.  The  impedances  and  admittances  of  the  elements  L^,  Lj^and  C  of 
the  equivalent  circuit  model  of  Fig.  12.4  were  therefore  defined  as  follows: 

=  j  2u  (f  +  F2*f2  +  F4*f3...)  *Lg 
=  j  2ti  (f  +  F2*f2  +  F4*f3...}  *Ljj 

Y*'  =  j  2ti  (f  +  F3*f2  +  F5*f3...)  *C 

with  frequency  expanded  correction  factors. 
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Fiq.  12.6;  90"  bend  S12 


In  the  preliminary  investigation  only  the  factors  F2  and  F3  were  considered 
in  the  S-parameter  fitting  procedure.  Their  optimised  values  are  shown  in 
Table  3  (Section  12.6).  A  further  round  of  fitting  taking  into  account  the 
f^  dependent  factors  was  done,  the  values  of  F2,  F3,  F4  and  F5  being  listed 
in  Table  4  (Section  12.6).  As  can  be  seen  only  the  correction  factors  F2  and 
F3  are  needed  to  give  sufficient  accuracy. 

In  order  to  emphasise  the  need  for  a  complex  description  of  the  static  model 
an  investigation  on  individual  bend  configurations  within  narrow  packages  was 
made  in  order  to  highlight  package  resonance  effects.  In  Figs.  12.5  and  12.6 
the  Sll  and  S12  magnitude  and  phase  are  shown  for  symmetric  bend  configura¬ 
tion  of  strip  width  125  jam.  The  choice  of  package  dimensions  of  1mm  (length, 
Xp  and  width,  w^)  ensured  that  the  package  resonance  frequency  was  much 
higher  than  120  GHz.  In  the  results  the  scattering  parameters  are  also  shown 
for  the  modified  dynamic  circuit  model  and  the  static  circuit  model.  It  can 
be  seen  that  the  static  model  gives  agreement  up  to  30-40  GHz  but  the 
modifications  are  important  to  obtain  an  accurate  model  valid  through  120 
GHz. 


12.3.  TRANSFORMER  RATIO  EXPRESSIONS  FOR  THE  DYNAMIC  MODEL 

In  order  to  understand  the  behaviour  of  the  coupling  between  the  microstrip 
and  LSMg  package  modes  a  study  was  done  for  a  few  individual  bend  structures.  » 

These  structures  were  situated  in  a  wide  package  of  width  =  2  nin,  length  =  2 
mm  and  cover  heights  0.5  and  1.0  mm  to  enhance  the  resonance  effects. 
Comparative  full  wave  and  modified  dynamic  model  Sll  and  S12  parameters  were 
plotted  in  the  same  figures. 

The  results  for  the  bend  centred  in  the  package  with  strip  widths  of  0.125  nm 
can  be  seen  in  Figs.  12.7  and  12.8  for  1,00  mm  cover  height  and  Figs.  12.9 
and  12.10  for  0.5  mm  cover  height.  As  can  be  seen  the  full  wave  and  dynamic 
models  agree  well.  The  strength  of  the  resonance  however  increases  with 


.206. 


Gecmet',:  i. .!G'  ■!-  .  iW  ri-l.OC  i-is-Z.CilO  xc'i.'jLl 


TGHz 

3^.  -j.  j.’,  St!.  ,'3.  ac.  90.  ;oo.  ;;o.  ;30. 


FULL-WRVE  DYN.  .lODEL  S'!'RTIC 


Fig.  12.7:  Sll  for  90°  bend,  cover  height  1.0  mm 

Geometry:  .125  ui2=  .125  h=  .130  H=1.00  Ws=2,O00  xp=2.0a0 

f/GHz 
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Fig.  12.8:  S12  for  90°  bend,  cover  height  1.0  mm 


207 


'ULL'^RVE 


DYN.  MODEL 


STR'^IC 


Fig.  12.11;  Sll  for  90“  bend,  discontinuity  at  centre 


Geometry:  .I<?5  j>;  -  .!25  h-  .100  H=l.Q0  i>is=2.000  xd-2.000 

f/GHz 

10.  20.  30.  40.  50.  60.  20.  80.  90.  100.  110.  120. 


Fig.  12.12:  S12  for  90“  bend,  discontinuity  at  centre 


decreasing  cover  height  but  the  influence  of  the  coupling  on  the  bend 
frequency  behavour  is  small. 

To  ensure  that  the  package  effect  is  part  of  the  general  behaviour  of  the 
90°-bend  discontinuity  and  is  not  due  to  the  choice  of  the  package  dimensions 
and  to  the  position  of  the  discontinuity  in  the  package,  additional  bend 
configurations  were  analysed.  The  same  discontinuity  was  investigated  as  in 
Figs.  12.7  and  8  for  1.00  mm  cover  height  but  with  the  discontinuity 
displaced  from  the  package  centre  by  0.2  mm  in  the  x  and  y  directions.  The 
results  of  the  analysis  are  given  in  Figs.  12.11  and  12.  From  comparison 
with  the  original  bend  structure  it  can  be  concluded  that  the  discontinuity 
behaviour  does  not  depend  significantly  on  its  position  in  the  package. 

Because  the  quasi -static  part  of  the  bend  model  was  developed  over  a 
frequency  range  of  0-120  GHz,  the  basic  frequency  behaviour  of  the  dynamic 
model  is  already  described.  For  frequencies  below  package  mode  cutoff  this 
portion  can  be  used  alone  to  describe  all  effects.  For  frequencies  beyond 
package  mode  cutoff  the  second  part  of  the  equivalent  circuit  model  has  an 
increasing  influence  on  the  bend  behaviour,  with  the  transformer  ratio 
approaching  N=l.  The  transition  region  as  compared  with  other  discontinuity 
models  is  now  very  small.  Therefore  the  additional  factor  (not  needed  for 
the  other  discontinuities  due  to  their  model  accuracy) 

I 

exp(-f^*(f-fg)/fo) 

is  introduced  to  ensure  that  for  frequencies  below  cutoff  the  bend 
discontinuity  behaviour  approaches  that  of  the  quasi-static.  For  the 
transformer  ratios  Nl,  N2,  Ml  and  M2  the  improved  transformer  ratio  is  given 
by 


^dyn  "  N  *  cos  {0.5*Tt*(f-fQ)/fQ)  *  exp( -f i*( f-fQ)/fQ)  f<fQ 


^dyn  “  '^dyn 

where  the  parameters  and  fi  have  been  chosen  identically  to  those 
expressions  developed  for  the  microstrip  gap  and  step  discontinuity. 

fo  =  f^*  1.4  *  f^'  *  (1  +  exp(0.0638  *  W^/h  *  H/h)  )* 

(1  -  2.33  *  exp(-0.33  *  W^/h) 

fo'  =  1.0 
^  =  2 

Additional  unsymmetrical  bend  configurations  were  analyzed  to  further  check 
the  assumptions  made.  For  two  of  these,  the  respective  scattering  parameters 
are  given  in  Figs.  12.13-16,  the  cover  height  being  1mm. 

As  has  been  concluded  from  the  investigations  at  frequencies  near  package 
resonance,  the  influence  of  the  coupling  between  the  fundamental  microstrip 
modes  on  the  feed  lines  and  the  LSM^/LSM^'  package  mode  on  the  frequency 
dependency  on  the  bend  behaviour  is  again  small.  The  resonance  behaviour  of 
the  scattering  parameters  is  predicted  quite  well  and  further  fine  tuning  is 
not  necessary. 

In  regard  to  the  LSMg-LSMg'  bidirectional  coupling  represented  by  the 
transformer  N3  in  the  dynamic  equivalent  model,  preliminary  results  indicate 
that  the  numerical  values  of  N3  are  small  for  frequencies  below  and  above  the 
first  package  resonance.  As  such,  the  transformer  N3  is  not  required  for  the 
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Fig.  12.16:  S12  unsymmetric,  90“  bend,  configuration  2 
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bend  dynamic  circuit  model  for  frequencies  up  to  and  including  the  first 
package  resonance  frequency  and  the  model  topology  reverts  to  that  of  Fig. 
5.18. 


12.4.  INCLUSION  OF  AN  INCREASED  FREQUENCY  DEPENDENCY  INTO  THE  STATIC  CIRCUIT 
MODEL 

The  final  task  in  the  development  of  the  analytical  formulae  was  to  extend 
the  quasi -static  portion  equivalent  circuit  model  to  include  analytic 
formulae  for  F2  and  F3.  A  consistent  data  base  was  generated,  the  bend 
configurations  being  described  by  the  following  geometrical  parameters: 

h=0.1mm,  H=lmm,  w^=  AOOpni.  200um,  100pm,  50|im,  20pm; 

W2/w^=l,  1.25,  1.5,  2,  4;  W^=  3.2mm,  2.0, mm,  1.6mm,  1.2mm 

The  maximum  strip  width  was  restricted  to  400  pm  and  the  minimum  strip  width 
to  20  pm.  The  data  base  was  generated  for  only  one  cover  height  of  H=lmm, 
using  packages  of  equal  widths  and  lengths,  the  discontinuities  located  in 
the  centre  of  the  package.  The  bend  configurations  were  computed  for  the 
frequency  range  10  GHz  -  120  GHz.  In  the  final  optimization  and  generation 
of  analytic  formulae  the  frequency  range  was  reduced  for  each  individual 
configuration  to  approximately  the  package  resonance  frequency  (f<0.9*f^g^) 
for  resonance  frequencies  below  120  GHz. 

In  order  to  use  all  degrees  of  freedom  of  the  bend  equivalent  circuit  model 
again,  the  complete  set  of  bend  configurations  used  previously  to  generate 
analytical  formulae  for  L^,  L^/L^  and  C  was  added  to  this  data  base  and  the 
anaytical  expressions  for  the  elements  of  the  bend  equivalent  circuit  model 
were  made  subject  to  refitting.  By  this  process,  the  basic  physical 
behaviour  of  the  model  was  not  changed,  but  better  modelling  accuracy  was 
obtained. 
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In  Table  5  (Section  12.6)  the  mean  deviation  the  maximuni  deviation 

iiican 

f^m,^,3nd  the  relative  maximum  deviation  are  listed  for  parameters  Sll, 

S12  and  S22  for  each  data  set.  The  larger  maximum  relative  deviations  are 
related  to  the  S-parameters  for  discontinuities  of  small  strip  widths.  The 
maximum  absolute  deviations  are  consequently  still  quite  small  and  acceptable 
for  design  applications. 


12.5.  BEND  MODEL  SUMMARY 

A  summary  of  the  bend  model  formulae  is  given  below  where  P  and 

^  are  computed  according  to  Section  4.  All  units  are  based  on 
MKS  except  where  stated  in  the  formulae. 


Quasi-static  Elements 


2*-*f  •  U  /  n  = 


Li  = 


L2  = 


2* IX*  (f/GHz)  *  (h/mm)  *  0.1865  *  (  Li  +  La  ) 

*  (W2/Wi)°“®  ‘  •  00303*W1/h) 

*  exp  (  -0.214*(w2Avi-1)'^°^®’  *  (wi/h)"^-^^®  ) 

(  1  -  1,667  *  exp(  -0.5862*(wi/h)’  °®®  )  * 

(  1  +  0.691*  exp(  -3.88*(wi/h-1.2)^  ) 

(  1  -  1.667  *  exp(  -0.5862*(w2/h)’ )  * 

(  1  0.691*  exp(  -3.88*(w2/h-1.2)^  ) 


2*-rr*f  *  c  /  S  =  2*ir*  (f/GHz)  *  (h/mm)  * 

(  104.0*(wi/h)^  ’^®  +  55.66*(wi/h)  -  10.36*exp(-4.1*wi/h)  )  * 
(  6.55  -  5.55*exp(  -0.2022*(W2/wi-1)°  )  )  * 

(W2/wi)°®^2*(  1  -  0.176  *  wl/h)  * 

exp(  -0.0581*(W2/Wi-1)^  ■'2  *  (\x'i/h)‘° ) 

with  La  =  Ls  -  Lto 

Lb  =  Ls  /  (1  +  La/Lb) 

La  /  Lb  =  0.5  *  (  1  +  (W2/wi)”^’-''  ) 
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Alternate  Elements 

La’  =  (  1  ^  F2*(f/GHz)  )  *U  with  La  =  U-Lb 

Lb'  =  (  1  -r  F2*(f/GHz)  )  ‘Lb  with  Lb  =  Ls  /  (1  +La/Lb) 

C’  =  (  1  +  F3*(f/GH2)  )  *  C 

2*-*f  •  Ls  /  n  =  2*t:*  (f/GH2)  *  (h/mm)  *  0.2  *  (  Li  +  L2  ) 

*  (W2/Wl)°  ^^  ■  "  0  034*W1/h) 

•  exp  (  -0.0766*(w2/wi-1)^  ^  •  (wi/h)'’  ) 

2*-T*f  *  C  /  S  =  2*ir*  (f/GH2)  •  (h/mm)  * 

(  101.4*(wi/h)^°®®  +•  95.51  *(wi/h)  -  7.873*exp(-0.638*wi/h)  )  * 

(  2.72  -  1.72*exp(  -0.1155*(W2/wi-1)°  '‘“  )  )  * 

(W2/Wl)°^®^  * 

exp(  -0.0915*(w2/wi-1)°‘^“  *  (wi/h)"^^  ) 

Li  =  (  1  -  1.851  *  exp(  -0.7677*(wi/h)°-^  )  ‘ 

L2  =  (  1  ■  1.851  *  exp(  -0.7677*(W2/h)  )  * 

with  La  =  Ls  -  Lb 

Lb  =  U  /  (1  +  U/U) 

La  /  Lb  =  0.5  *  (  1  +  (W2/Wi)®°^  ''^*^^'^  ) 

and  correction  factors  F2  and  F3 

F2  =  0.00181*exp(  0.5106*(wi/H)°^)  *  0.638*atan(0.1341*(h/wi)*(f/Ghz))  * 

(  0.304*exp(W2/wi  *0.251  *(1+0.21  *wi/h))  +  0.815*exp(0.033*W2/wi*(1 +4.93*wi/h)  ) 

F3  =  0.00235  +  0.00643*(wi/h)^-0.00264*(wi/h)^  +  0.00450*(wi/h)'' 

3.37-1. 95*(wi/h)-0.153*(h/wi) 

*  0.638*atan(0.0617*(h/wi)*(f/Ghz))  *  (wz/wi) 
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Transformer  ratios  N1 ,  N2 ,  Ml,  M2 


N1  =  Ndyn{Wi) 

N2  =  Ndyn{W2) 

Ml  =  -Ndyn(Wi) 

M2  =  -Ndyn(W2) 

Ndyn(Wi)  = 

N(wi)  *  COS^^  (  0.5* 
N(wi) 

N(Wi)  = 

1.2/-  *  (  COS  (— — 
2Ws 

W6ff(Wi)  = 

Zo  *  h  / 

O 

II 

+  exp(-0.0638  *  Ws/h 

f  >fo 


TT 


‘2Ws 


(Ws  +  Weff(Wi)))  ) 


fi  =  2 


Sff  =  stat  (1  - 


wi  tti  f. 


and  e 


2“s-  ^'stat 


(H+h) 


stat  H+h 


\  (‘-SMq)  ’  ^  ^ 


*  ^Stat  ^rrTTTTT’ 


(Zg  =  IZOuQ,  Cg  =  2.9979  10®  m/s) 


Range  of  Model  Validity 


The  90°  bend  models  are  valid  for  er  =12.9  within  the  following  ranges; 

dynamic  and  quasi-static  model:  SOpm  <  h  <  200um 

0.2  <  w/h  <  4 

1  <  w2/wl  <  4 

12  <  Ws/h  <  32 

5  <  H/h  <  20 
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where  the  quasi -static  model  is  that  of  Fig.  12.4  and  the  dynamic  model  that 
of  Fig.  12.2.  The  quasi-static  model  is  valid  over  the  range  0  <  f*h  <  3  GHz 
mm.  The  dynamic  model  using  the  alternate  formulae  in  the  quasi -static  part 
of  the  model  is  valid  over  0  <  f*h  <  12  GHz  mm,  where  La,  Lb  and  C  in  Fig. 
12.2  are  replaced  by  La',  Lb'  and  C.  For  the  dynamic  model  the  transformer 
N3  is  not  needed  for  frequencies  up  to  and  including  the  first  package  mode. 

12.6'.  REFERENCES  AND  TABLES 

1.  Kirschning,  M. ,  Jansen,  R.H.  and  Koster,  N.H.L.:  Measurement  and 
computer  aided  modelling  of  microstrip  discontinuities  by  an  improved 
resonator  method,  IEEE  MTT-S  Digest,  Boston,  USA,  1983  495-497. 

2.  Kirschning  M. :  Development  of  models  for  the  computer-aided  design  of 
hybrid  and  monolithic  microstrip  circuits  (in  German).  University  of 
Duisburg,  W.  Germany,  1984. 


.218. 


Table  1 


CCRRZCTICN  FACTORS 


M  7  7 


A  2 

■VS 

HH 

XF 

FC_Z0S 

FC_A/B 

FC_YCS 

3.20 

.50 

3.20 

1.148 

1.000 

.805 

.  500 

3 . 20 

.  50 

3.20 

1.143 

.  820 

.899 

*  "1  *\ 

.  soc 

3.20 

.50 

3.20 

1.179 

1.151 

.988 

.  -4  L;  0 

.  400 

3.20  2 

.  00 

3.20 

1.232 

1.000 

.817 

.400 

.  500 

3.20  2 

.  00 

3.20 

1.227 

.774 

.910 

.  -;oo 

.aoo 

3.20  2.00 

3 . 20 

1.263 

1.048 

.996 

-COO 

.  200 

2.13 

.  50 

2.13 

2.786 

1.000 

.633 

«  <.  o  o 

.250 

2.13 

.50 

2.29 

1.919 

.919 

.811 

.200 

.  300 

2.13 

.  50 

2.13 

1.767 

2.091 

.888 

.200 

.  400 

2.13 

.50 

2.13 

1.664 

66.234 

.959 

.200 

.600 

2  .13 

.50 

2.13 

1.863 

65.409 

1.169 

.200 

.  200 

2.13  1 

!.00 

2.13 

3.083 

1.000 

.621 

.200 

.250 

2.13 

!.0C 

2.29 

2.070 

1.093 

.813 

.2  00 

.  300 

2.13 

!.00 

2.13 

1.604 

66.059 

.799 

.  200 

.  400 

2.  13  1 

>.00 

2.13 

1.706 

66.193 

.939 

7  n  n 

.600 

2.13 

1 . 00 

2.13 

1.957 

66.251 

1.159 

'.00 

.100 

1.60 

.  50 

1.60 

-.731 

1.000 

.494 

.  125 

1.60 

.50 

1.60 

-.916 

75.157 

.621 

.  *.00 

.150 

1 . 60 

.50 

1.60 

-1.084 

63.984 

.615 

.  100 

.200 

1.60 

.50 

1.60 

-59.600 

1.000 

.742 

.  300 

1.60 

.50 

1.60 

3.983 

63.401 

.955 

.  100 

.  400 

1 . 60 

.50 

1.60 

3.138 

64.207 

1.134 

.100 

.  500 

1.60 

.50 

1.60 

2.983 

64.113 

1.271 

.  100 

.  100 

1.60  2.00 

1.60 

-.769 

1.000 

.499 

«  1  'J 

.  125 

1.60 

2.00 

1.60 

-1.298 

168.104 

.690 

.  100 

.  150 

1.60 

2.00 

1.60 

-1.122 

63.987 

.614 

.  100 

.  200 

1.60 

2.00 

1.60 

-60.087 

1.000 

.738 

.  ICO 

.  300 

1.60 

2.00 

1.60 

4.100 

63.404 

.943 

.  100 

.  400 

1.60 

2.00 

1.60 

3.200 

63.716 

1.126 

.  100 

.500 

1.60 

2.00 

1.60 

3.091 

64.108 

1.263 

.050 

.050 

1.60 

.50 

1.60 

.733 

1.000 

.361 

.050 

.063 

1.60 

.50 

1.60 

.458 

-.273 

.520 

.050 

.075 

1.60 

.50 

1.60 

.316 

-.210 

.595 

.050 

.  100 

1.60 

.50 

1.60 

.068 

29.325 

.702 

.050 

.  150 

1.60 

.50 

1.60 

-.631 

-.251 

.893 

.050 

.  200 

1.60 

.50 

1.60 

-2.098 

83.304 

1.073 

.050 

.250 

1.60 

.  50 

1.60 

-6.415 

58.883 

1.041 

.050 

.  050 

1.60 

2.00 

1.60 

.713 

1.000 

.359 

.050 

.063 

1.60 

2.00 

1.60 

.409 

-.168 

.518 

.050 

.075 

1.60 

2.00 

1.60 

.303 

-.275 

.584 

.050 

.  100 

1.60 

2.00 

1.60 

.103 

-.519 

.702 

.050 

.  150 

1.60 

2.00 

1.60 

-.696 

101.325 

.901 

•  - 

:  .  3  ' 

: .  :c 

■..33 

-2.  148 

55.958 

:  .  078 

=  ' 

-  i  - 

■  .  -  ■ 

u  .  cc 

_  •S  3 

-6 . 890 

58.381 

1.030 

•  ;  - 

.  r  3 

'..28 

.593 

j.  •  ww  O 

.  375 

'  r  7 

'  .  r  =: 

.  =0 

1 . 50 

.523 

190.716 

.410 

*  r  ^ 

-  “5  *; 

\  .  ?'  S 

.  50 

1.28 

.  52*7 

.031 

.506 

"  7  1 

.  040 

1 .28 

.  50 

1.28 

.452 

6.359 

.663 

.  360 

1.23 

.  50 

1.28 

.321 

-.017 

.961 

^  7 

.  ceo 

1 . 28 

.50 

1.28 

.  189 

.076 

1.235 

.  lOC 

1.28 

.50 

1.28 

.040 

-.124 

1.485 

.020 

.020 

1.28 

2.00 

1.28 

.668 

1.000 

.306 

.020 

.025 

1.28 

2.00 

1.60 

.627 

121.596 

.418 

.  020 

.030 

1.28 

2.00 

1.28 

.524 

-.099 

.492 

.  020 

.040 

1.28 

2.00 

1.28 

.451 

4.922 

.649 

.  020 

.060 

1.28 

2.00 

1.28 

.324 

-.254 

.953 

.020 

.  080 

1.28 

2.00 

1.28 

.  187 

-.  141 

1.207 

.  J  Z<J 

.  ICO 

1.28 

2.00 

1.28 

-.014 

-.124 

1.498 

219 


0  1C 
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Table  3 
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.125 

1.00 

.  50 

1.00 

.0064 

.0080 

.0000 

.0000 

.  125 

.250 

1.00 

1.00 

1.00 

.0092 

.0061 

.0000 

.0000 

.  125 

.250 

1.00 

1.00 

1.00 

.0092 

.0061 

.0000 

.0000 

.  125 

.250 

1.00 

.50 

1.00 

.0090 

.0058 

.0000 

.0000 

.  125 

.250 

1.00 

.50 

1.00 

.0090 

.0058 

.0000 

.0000 

.  125 

.  125 

2.00 

1.00 

2.00 

.0061 

.0094 

.0000 

.0000 

.  125 

.  125 

2.00 

1.00 

2.00 

.0061 

.0094 

.0000 

.0000 

.  125 

.  125 

2.00 

.50 

2.00 

.0062 

.0089 

.0000 

.0000 

.  125 

.  125 

2.00 

.50 

2.00 

.0062 

.  0089 

.0000 

.0000 

.  125 

.250 

2.00 

1.00 

2.00 

.0103 

.0074 

.0000 

.0000 

.  125 

.250 

2.00 

1.00 

2.00 

.0103 

.0074 

.0000 

.0000 

.  125 

.250 

2.00 

.50 

2.00 

.0090 

.0071 

.0000 

.0000 

.  125 

.250 

2.00 

.50 

2.00 

.0090 

.0071 

.0000 

.0000 

.063 

.063 

1.00 

1.00 

1.00 

-.0146 

.0085 

.0000 

.0000 

.  063 

.063 

1.00 

1.00 

1.00 

-.0146 

.0085 

.0000 

.0000 

.063 

.063 

1.00 

.50 

1.00 

-.0147 

.0081 

.0000 

.0000 

.063 

.063 

1.00 

.50 

1.00 

-.0147 

.0081 

.0000 

.0000 

.063 

.  125 

1.00 

1.00 

1.00 

.0406 

.0040 

.0000 

.0000 

.063 

.  125 

1.00 

1.00 

1.00 

.0406 

.0040 

.0000 

.0000 

.063 

.  125 

1.00 

.50 

1.00 

.0405 

.0037 

.0000 

.0000 

.063 

.  125 

1.00 

.50 

1.00 

.0405 

.0037 

.0000 

.0000 

.063 

.063 

2.00 

1.00 

2.00 

-.0129 

.0100 

.oonn 

.0000 

.063 

.063 

2.00 

1.00 

2.00 

-.0130 

.0101 

.0000 

.0000 

.063 

.063 

2.00 

.50 

2.00 

-.0137 

.0096 

.0000 

.0000 

.063 

.  125 

2.00 

1.00 

2.00 

.0392 

.0051 

.0000 

.0000 

.063 

.  125 

2.00 

1.00 

2.00 

.0392 

.0051 

.0000 

.0000 
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Table  4 


3END  GEOMETSi  OPTIMIZED  CORRECTION  FACTORS 


W2  W3  HH  :<P  FZ  F3  F4  F5 


.125  .125  1.00  1.00  1.00  -.0137  .0055  .000191  .000025 

.125  .125  1.00  1.00  1.00  -.0137  .0055  .000191  .000025 

.125  .125  1.00  .50  1.00  -.0151  .0054  .000204  .000023 

.125  .125  1.00  .50  1.00  -.0151  .0054  .000204  .000023 

.125  .250  1.00  1.00  1.00  -.0174  -.0084  .000245  .Cools'^ 

.125  .250  1.00  1.00  1,00  -.0174  -.0084  .000245  .000158 

.125  .250  1.00  .50  1.00  -.0179  -.0086  .000250  .000155 

.125  .250  1.00  .50  1.00  -.0179  -.0086  .000250  .000155 

.125  .125  2.00  1.00  2.00  -.0096  .0048  .000150  .000045 

.125  .125  2.00  1.00  2.00  -.0096  .0048  .000150  .000045 

125  .125  2.00  .50  2.00  -.0101  .0049  .000157  .000037 

.125  .125  2.00  .50  2.00  -.0101  .0049  .000157  .000037 

.125  .250  2.00  1.00  2.00  -.0072  -.0174  .000149  .000277 

.125  .250  2.00  1.00  2.00  -.0072  -.0174  .000149  .000277 

.125  .250  2.00  .50  2.00  -.0165  -.0124  .000248  .000211 

.125  .250  2.00  .50  2.00  -.0165  -.0124  .000248  .000211 

.063  .063  1.00  1.00  1.00  -.0091  .0077  -.000051  .000007 

.063  .063  1.00  1.00  1.00  -.0091  .0077  -.000051  .000007 

.063  .063  1.00  .50  1.00  -.0081  ,0080  -.000064  .000002 

.063  .063  1.00  .50  1.00  -.0081  .0080  -.000064  .000002 

.06-'’  .125  1,00  1.00  1.00  .0033  -.0011  ,000329  .000046 

.063  .125  1.00  1.00  1.00  .0033  -.0011  .000329  .000046 

.063  .125  1.00  .50  1.00  -.0003  -.0009  .000368  .000042 

.063  .125  1.00  .50  1.00  -.0003  -.0009  .000368  .000042 

.063  .063  2.00  1.00  2.00  -.0016  .0042  -.000109  .000056 

.063  .063  2.00  1.00  2.00  -.0104  .0078  -.000026  .000022 

.063  .063  2.00  .50  2.00  -.0112  .0065  -.000024  .000029 

.063  .125  2.00  1.00  2.00  .0100  .0000  .000259  .000047 

.063  .125  2.00  1.00  2.00  .0100  .0000  .000259  .000047 
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Table  5 


chcsir:?  bend  geometry 


.V : 

W  1 

Fmean 

Sll 

Fmax 

Fmaxr 

f  mean 

S12 

Fmax 

Fmaxr 

Fmean 

322 

Fmax 

Fmaxr 

: 

.400 

.400 

.0218 

.0036 

.0659 

.0067 

.0097 

.0097 

.0221 

.0036 

.0648 

•  u  u 

.500 

.0376 

.0193 

.0718 

.0050 

.0080 

.0081 

.0379 

.0198 

.0739 

4 

.  4  O’  0 

.  500 

.0441 

.0295 

.  0865 

.0066 

.0131 

.0139 

.  0440 

.0312 

.0915 

9 

.400 

.  400 

.0249 

.0041 

.0586 

.0114 

.0148 

.0149 

.0258 

.0040 

.0578 

.  400 

.500 

.0487 

.0218 

.0793 

.0102 

.0133 

.0138 

.0380 

.0197 

.0718 

.  400 

.600 

.0471 

.0327 

.0944 

.0089 

.0145 

.0155 

.0438 

.0309 

.0890 

1 6 

.  200 

.200 

.0839 

.0100 

.0971 

.0037 

.0051 

.0051 

.0842 

.0100 

.0971 

1  ^ 

.200 

.250 

.0733 

.0137 

.0999 

.0044 

.0086 

.008’’ 

.0709 

.0126 

.0941 

-.8 

.  200 

.  300 

.0601 

.0158 

.0839 

.0062 

.0140 

.0142 

.0532 

.0125 

.0694 

.2  00 

.  400 

.  0487 

.0200 

.0688 

.0089 

.0210 

.0219 

.0362 

.0120 

.0446 

20 

•  ft,  L' 

.  600 

.0301 

.0161 

.0385 

.0115 

.0245 

.0273 

.  0299 

.0179 

.0404 

” 

.  4^  0  0 

.200 

.  0561 

.0064 

.0594 

.0046 

.0059 

.0059 

.0564 

.0064 

.0597 

24 

.200 

.250 

.  0490 

.0091 

.0660 

.0032 

.0056 

.0056 

.0505 

.0089 

.0654 

^  C 

•  ft^  '0  0 

.  300 

.0421 

.0103 

.0543 

.0034 

.0066 

.0067 

.0408 

.0087 

.0493 

26 

.200 

.  400 

.0340 

.0120 

.0414 

.0053 

.0123 

.0129 

.0278 

.0084 

.0333 

.200 

.  600 

.0212 

.0095 

.0240 

.0080 

.0131 

.0146 

.0268 

.0168 

.0379 

20 

.  ICO 

.  100 

.0879 

.0066 

.  1220 

.0026 

.0058 

.0058 

.0881 

.0066 

.1214 

} 

>  X  w  0 

.12*^ 

.0699 

.0092 

.  1076 

.0026 

.0065 

.0066 

.0680 

.0088 

.  1030 

22 

.  100 

.  150 

.0549 

.0110 

.0859 

.0040 

.0094 

.0094 

.0514 

.0098 

,0767 

T  * 

.  100 

.200 

.0455 

.0155 

.0746 

.0057 

.0139 

.0142 

.0403 

.0123 

.0590 

34 

.  100 

.  300 
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.0247 

.0739 

.0096 

.0210 

.0223 

.0352 

.0163 

.0488 

13 

4  4,  Li  0 

.  400 

.0419 

.0305 

.0713 
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.0263 

.0291 

.0327 

.0185 

.0432 

3  o 
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.0420 

.0270 

.0541 

.0171 

.0269 

.0311 

.0333 

.0238 

.0477 

1^ 

, : 00 
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.0787 

.0053 

.0909 
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.0040 

.0040 

.0786 

.0053 

.0909 

j  a 
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.  2  ~ 

.0666 

.0077 

.0905 

.0020 

.0050 

.0051 

.0654 

.0075 

.0876 

39 

.  ft  <,/  V 

.  150 

.0525 

.0095 

.0746 

.0033 

.0075 

.0076 

.0501 

.0088 

.0692 

4  4’ 

•  ■*. 

.200 

.0426 

.0131 

.0633 

.0049 

.0116 

.0118 

.0393 

.  0109 

.0527 

X 

.  '.  OO 

.  300 

.  0403 

.0211 

.0635 

.0085 

.0181 

.0192 

.0347 

.0150 

.0451 

42 

•  “ 

.  400 

.0393 

.0256 

.0601 

.0121 

.0226 

.0250 

.0330 

.0181 

.0424 

•  "5  /" 

«  ft  W  V 
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.0421 

.0229 

.0462 

.0162 

.0230 

.0265 

.0348 

.0246 

.0496 

44 
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.  1205 

.0051 

.4086 

.0060 

.0116 

.0116 

.  1208 

.0051 

.  4086 

45 

.  050 

.063 

.0739 

.0061 

.  1011 

.0050 

.0104 

.0104 

.0708 

.0056 

.093^ 

46 

.050 

.075 

.  0484 

.0058 

.0617 

.0048 

.0098 

.0099 

.0465 

.0056 

.0590 

47 

.050 

.  100 

.0379 

.0078 

.0497 

.0045 

.0093 

.0094 

.0369 

.0078 

.0491 

46 

.050 

.  150 

.0340 

.0111 

.0429 

.0047 

.0088 

.0092 

.0324 

.0114 

.0440 

49 
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.  200 

.0388 

.0151 

.0453 

.0070 

.0092 

.0097 

.0331 

.0153 

.0453 

50 

.  050 

.250 

.0448 

.0213 

.0531 

.0097 

.0105 

.0115 

.0341 

.0209 

.0522 

5_^ 

.  C50 

.050 

.  1103 

.0044 

.  3549 

.0056 

.0107 

.0107 

.  1100 

.0044 

.3549 

52 

.050 

.063 

.  0652 

.0052 

.0868 

.0045 

.0085 

.0086 

.0639 

.0049 

.0823 

T 
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.075 

.  0474 

.0062 

.0656 

.0045 

.0085 

.0086 

.0472 

.0062 

.0657 

54 
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.  100 

.0376 

.0077 

.0493 

.0049 

.0085 

.0086 

.0366 

.0079 

.0501 
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.  0343 

.0105 

.0406 

.0042 
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.0331 

.0112 

.0431 
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.0148 

.0440 

.0058 

.0068 
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.0324 

.0158 

.0468 

57 

.  050 
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.0496 

.0247 

.0619 

.0107 

.0139 

.0151 

.0362 

.0225 

.0564 

58 

.020 

.020 

.0454 

.0009 

.0902 

.0042 

.0079 

.0079 

.0461 

.0009 

.0902 

59 

.  020 

.025 

.0401 

.0030 

.0719 
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.0082 

.0083 

.0331 

.0023 

.0554 

60 

.020 
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.  1283 

.0087 

.  1340 

.0036 

.0079 

.0079 

.  1300 

.0089 

.1341 

51 

.  020 

.  040 

.  0743 

.0098 

.0867 

.0045 

.0092 

.0093 

.0734 

.0094 

.0828 
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MICROSTRIP  T-JUNCTION 


The  geometric  position  of  the  T-junction  discontinuity  in  a  package  is  shown 
in  Fig.  13.1. 


Fig.  13.1:  Microstrip  T-junction  in  a  package 


The  discontinuity  has  three  feed  lines  leading  from  it  to  the  current  sources 
^0  1  >  ^02  ^0  3  package  edge.  The  package  width  is  w^  =  d  +  1^  + 

+  w^  and  its  length  is  Xp  =  +  21^,  where  Ig  is  the  source  region. 

The  equivalent  circuit  model  of  this  situation  is  shown  in  Fig.  13.2. 


Fig.  13.2:  Dynamic  equivalent  circuit  model  of  T-junction  in  a  package 
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As  in  the  other  discontinuities  the  microstrip  and  LSMg  mode  behaviour  is 
represented  by  transmission  line  elements  and  the  microstrip-LSMQ  mode 
coupling  by  the  transformers  Ml,  M2,  M3,  Nl,  N2  and  N3  at  the  discontinuity 
planes  as  well  as  the  sources.  The  transformer  N4  models  the  bidirectional 
coupling  between  the  LSMq  and  LSMq'  modes  which  are  orthogonal  to  each  other 
in  the  package.  The  6-port  T-junction  discontinuity  is  delineated  in  Fig. 
13.2  by  the  reference  planes  RPl,  RP2  and  RP3.  The  quasi-static  model  is 
represented  in  Fig.  13.2  by  the  3-port  blackbox. 


Fig.  13.3:  Quasi-static  circuit  model  for  the  microstrip  T-junction 

I 

A  commonly  used  quasi-static  circuit  model  for  the  T-junction  discontinuity 
is  shown  in  Fig.  13.3.  This  equivalent  circuit  contains  a  capacitance  C 
representing  the  excess  stray  field  in  the  junction  region,  two  transformers 
n^  and  n^^  taking  the  different  characteristic  impedances  of  the  feed  lines 
into  account  and  the  three  transmission  line  sections  dl  ,  dlu  and  dl.  for 
additional  phase  shifts. 

Analytical  expressions  for  the  symmetric  T-junction  discontinuity  (w^=W2) 
have  been  developed  by  Hammerstad  (1),  but  for  the  non-symmetric  junction 
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little  has  been  published.  Thus  using  Hammerstad' s  formulae  a  symmetric 
model  was  first  developed. 

13.1.  DEVELOPMENT  OF  ANALYTIC  FORMULAE  FOR  NORMALISED  FREQUENCIES  <3  GHz  mm 

13.1.1.  Quasi -Static  Database 

A  quasi -static  data  base  was  generated  for  the  T-junction  using  the  full  wave 
analysis  program.  The  analysis  frequencies  were  from  5  GHz  to  30  GHz  in 
steps  of  5  GHz  using  denormal i zed  geometrical  parameters  for  a  substrate 
height  of  h=0.1mm. 

The  package  dimensions  were  height  2  mm,  width/length  =  3.2  mm,  2.1  mm, 
1.0  mm,  1.24  mm  and  0.64  mm.  The  positions  of  strip  1  and  strip  2  were 
fixed  to  the  centre  of  the  package  {X|jj=0.5*Wg) .  The  position  of  strip  3  was 
also  fixed  to  the  centre  of  the  package  {d+W2/2=l ^+W2/2+X3) ,  with  respect  to 
the  other  sidewall. 

The  widths  of  the  feed  lines  of  the  T-junction  discontinuity  analyzed  for  the 
quasi-static  data  base  were: 

w^  =  200um,  lOOpm,  SOi^m,  20^uti,  lOjim 
W2/W1  =  0.25,  0.5,  0.8,  1,  1.25,' 1.5,  2,  4, 

W3/w^  =  1,  1.5,  2,  3,  4,  5 

From  all  three  possible  combinations  a  subset  of  179  different  T-junction 
configurations  was  analysed.  In  the  analysis,  strip  width  ratios  W2/Wj^=8  and 
Wj/w^  were  studied  only  for  narrow  strips  since  for  wide  strips  these  ratios 
would  result  in  absolute  widths  approaching  the  package  width.  Configura¬ 
tions  having  feed  lines  of  W2>200^lm  or  W3>200iim  were  not  considered  in  the 
development,  since  they  are  rarely  used  in  MMIC  design  work. 
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As  for  the  bend  discontinuity  the  high  amount  of  CPU  time  that  was  spent  for 
the  T-junction  analysis  did  not  allow  intensive  convergence  checks  to  be 
made.  However,  from  working  with  the  analysis  program  it  can  be  concluded 
that  the  accuracy  is  in  the  same  order  of  magnitude  as  for  the  other  discon¬ 
tinuities.  This  means  that  for  T-junction  configurations  with  narrow  feed 
lines  the  numerical  accuracy  is  about  5%  and  better  for  wide  strips.  This 

data  base  was  fitted  to  the  above  outlined  equivalent  circuit  model.  The 

capacitance  C  was  fitted  using  the  correction  factor  FC_BT,  the  transformers 
using  the  correction  factors  FC  TRA  and  FC_TRB  and  the  transmission  line 

sections  using  the  correction  factors  FC_DLA,  FCJDLB  and  FC_DLC  for  ports  1, 
2  and  3,  respectively.  These  factors  were  derived  by  first  fitting  the 

S-parameters  of  the  circuit  model  to  the  numerical  data  base  results. 
Functions  were  then  derived  to  fit  these  factors. 


13.1.2.  Analytic  Formulae  for  the  Symmetric  T-junction 

A  subset  of  the  total  quasi -static  data  base  was  used  to  create  a  reduced 
symmetric  T-junction  data  base.  The  above  procedure  was  used  to  derive 
analytic  formulae  for  the  symmetric  T-junction.  These  formulae  are: 

2*ir*f  *  C  /  S  =  BT  *  2.606  *  (  1  +  BT  )  *  DL  /  /  Zl°  * 

W°e« 

•  na  =  V  1  -  atan(  ^  *  FC  •  (-0.0523*(Zl®/Zl‘=)^  +  (0.8932  -  dlc/w%ff)^)  ) 


die 


dia 

with 

BT 


(  0.521  -  1.075  *  atan(RZ)  *dlc’  )  *  w®etf 
die’  =  0.0598  +  0.780  *  exp(  -1.742*atan(RZ)  ) 

-3.143  *  FC  *  atan(RZ)  -  0.3874*ln(1.075»atan(RZ)  ) 
0.0446  *  Zl®  /  Zl*^  *  (  1  -  2  *  Zl®  /  Zl*"  *  FC  )  *  w%ff 

(  0.301  *ln(RZ)  +  13.81  *RZ*FC  -  4.784*exp(-1.710*RZ)  - 
11.498»(Zl‘'/Zo)^  ) 
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DL 


0.0494*RZ*(1-2*RZ*FC)  *  w'^eff 


RZ 

Zu*  /  Zl' 

FC 

atan  (  (  2.375  *  h/mm  *  f/GHz  /  (Zl^/O)  f 

where  and  are  the  characteristic  impedances,  is  the  propagation 

constant,  and  w  are  the  effective  widths  of  the  feed  lines,  a  is 

err  e  tr 

related  to  ports  1  and  2  and  c  to  port  3.  The  units  are  MKS  except  where 
stated  in  the  formulae. 

The  mean  deviation  F  ,  the  maximum  deviation  F  and  the  relative  maximum 

mean’  max 

deviation  F  are  listed  in  Table  1  (Section  13.6)  for  each  data  set  for 

m  qx  I 

parameters  Sll,  S13,  S33  and  S12.  The  overall  deviations  of  all  evaluated 
data  are; 


S11=S22; 

^mean 

=  2.22%, 

^max 

=  0.065, 

^maxr 

=  15.2% 

S13=S23: 

^mean 

=  0.93%, 

^max 

=  0.039, 

^maxr 

=  5.81% 

S33; 

^mean 

=  2.96%, 

^max 

=  0.042, 

^maxr 

=  30.5% 

SI  2: 

^mean 

=  1.24%, 

^max 

=  0.064, 

^maxr 

=  11.1% 

The  values  of  f^^g^r  listed  for  compl eteness.  They  refer  to  reasonably 
small  F|^^^  giving  an  indication  of  the  approximation  quality. 

13.1.3.  Analytic  Formulae  for  the  General  T-Junction 

The  data  base  was  used  again  to  fit  the  numerical  data  sets  to  the  equivalent 
circuit  model  using  modified  transformer  ratios  for  the  non  symmetric  case. 
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From  the  base  expressions  used  for  the  symmetrical  T-junction  configurations, 
the  correction  factors  for  the  transformer  ratios  were  found  to  be  nearly 
equal  to  the  value  of  1,  but  the  other  correction  factors  showed  that  the 
start  expressions  do  not  provide  a  good  representation  for  the  general 
T-junction  discontinuity.  The  first  modification  of  the  expressions 
developed  for  the  symmetrical  T-junction,  therefore,  was  to  multiply  each  of 
the  formulae  with  correction  expressions  that  take  the  dependency  on  the 
difference  in  the  widths  of  the  feed  lines  into  account.  However,  the 
accuracy  achieved  by  these  expressions  was  still  not  sufficient.  Therefore 
in  subsequent  steps  each  expression  in  total  was  optimised  by  using  the  same 
mathematically  structured  formulae  but  fitting  the  parameters  of  the  formulae 
in  an  optimisation.  The  final  analytic  formulae  for  the  general  T-junction 
are  : 


2*-T*f  *  C  /  S  = 


BT  *  1.778  *  (  1  +  BT  )  *  DL  /  na  /  nb  /  Zl®  * 
3^  -t-  3^  ,  wSff  +  w^aff 

2  2*w°eff 


(  1  +  0.106  * 


(-0.274*(1  +0.11*(W3/Wl)°®°^ 

(W2/W1-I) 


) 


na 


V  1  -  atan(  *  FCA  *  (0.404* (Zl^/ZlT  +  (1-257  -  dlc/w*etf)^)  ) 


nb 


die 


V  1  -  atan{  *  FCB  *  (0.404*  (Zl^/Zl®)^  +  (1.257  -  dlc/w^etf)^)  ) 

,  _  ^  _  W®eft  + 

(  0.453  -  1.17  *  atan(RZ)  *dlc'  )  *  - - -  * 

(1.5885*(1  +0.07152*(wi/h)’ 

(  1  +  0.0131  *  (W2/W1-I)  ) 

die'  =  -0.03147  -f  0.578  *  exp(  -1.05*atan(RZ)  ) 
-l3.63*FC*atan(RZ)  -  0.2041  *ln(1.l7*atan(RZ)) 


dia 


0.024  *  Zl^  /  Zl*"  *  (  1  -  2  *  Zl“  /  Zl'=  *  FCA  )  *  w^etf  * 


*  ®  /  7.  °  * 
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(  1  -  0.298  *  (W2/W1-1) 


(2.376*(1 -0.191  •(W3/Wi)’“^®) 


) 


0.024  *  /  2l°  *  (  1  -  2  •  Zl*’  /  21*=  *  FCB  )  *  w=etf  * 

,  ,  ,  (2.603*0  +  0.2484*{W3/W2)’  ®^®) 

(  1  -  2.587  *  (1-W1/W2)  ) 


with 

BT  =  (  5.091  *ln(RZ)  -(- 22.22*R2*FC  -h  19.23*exp(-7.938*RZ)  - 

15.22*(Zl®/Zo)^  ) 

DL  =  0.01844*RZ*(1-2*R2*FC)  *  w%ff 

RZ  =  v  Z^a  *  2l^  /  Zl*^ 


FC  =  \/  FCA  *  FCB 

FCA  =  atan  (  (  0.9941  *  h/mm  *  f/GHz  /  (Zi^/Cl)  f  ) 

PCB  =  atan  (  {  0.9941  *  h/mm  *  f/GHz  /  (Zl^O)  f  ) 

where  Zj^^,  and  are  the  characteristic  impedances  of  the  feed  lines 
and  are  the  propagation  constants  of  the  feed  lines,  and 

w^eff  ^<"6  ^he  effective  widths  of  the  feed  lines  for  ports  1,  2  and  3 
respectively.  The  units  are  MKS  except  where  stated.  These  expressions  have 
been  generated  for  W2>w^. 


In  Table  2  (Section  13.6)  for  each  data  set  the  mean  deviation  the 

mean  ’ 

maximum  deviation  and  the  relative  maximum  deviation  F„,  are  listed 

iTlaA  inaXr 

for  parameters  SI,  S22,  S33,  S12,  S13  and  S23.  The  overall  deviations  are; 


Sll: 

F 

mean 

=  2.65%, 

^max 

=  0.065, 

^maxr 

=  16.7% 

S22; 

*^mean 

=  3.53%, 

F 

max 

=  0.064, 

^maxr 

=  24.7% 

S33: 

^mean 

=  2.25%, 

^max 

=  0.053, 

*^maxr 

=  15.8% 
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S12: 

*^mean 

=  0.87^, 

^max 

=  0.061, 

Wr  = 

S13: 

^mean 

O 

M 

^max 

=  0.038, 

^maxr  =  5.82% 

S23: 

^mean 

=  1.14%, 

^max 

=  0.034, 

Wr  =  5.00% 

Again,  the  remark  on  and  applies  as  for  the  symmetric  T-junction. 

luaXt  iTiaX 

13.2.  DEVELOPMENT  OF  ANALYTIC  FORMULAE  FOR  NORMALISED  FREQUENCIES  <12GHzmm 

As  in  the  investigations  on  the  microstrip  90“-bend  discontinuity  a  dynamic 
correction  in  addition  to  parasitic  package  effects  was  found  to  be  useful  in 
obtaining  a  good  model  accuracy  for  high  frequencies.  Therefore,  configura¬ 
tions  were  analysed  for  frequencies  up  to  120  GHz,  chosen  to  ensure  that 
within  the  frequency  range  all  package  modes  were  below  cut-off. 

The  results  in  Figs.  13.4  and  5  show  the  magnitude  and  phase  of  parameter  S12 
for  two  analysed  configurations.  The  numerically  computed  full-wave  data  are 
shown  together  with  the  results  of  two  different  discontinuity  descriptions. 
For  both.  Fig.  13.2  represents  the  applied  equivalent  circuit  model.  The 
dotted  curves  marked  'LOW  FREQ'  use  the  analytic  expressions  for  frequencies 
up  to  30  GHz.  The  dashed  curves  show  scattering  parameter  S12  using  a 
computation  based  on  the  same  equivalent  circuit  model  but  using  optimised 
correction  factors  FC_BT,  FC_TRA  FC_TRB,  FC_DLA,  FC_DLS  and  FC_DLB  for  the 
model  elements.  From  these  results  it  can  be  concluded  that  the  equivalent 
circuit  model  topology  is  also  suitable  for  predicting  the  frequency 
dependent  T-junction  discontinuity  behaviour  for  the  higher  frequency. 

13.2.1.  Study  of  T-junction  Package  Dynamic  Behaviour 

The  numerical  analysis  of  T-junction  configurations  requires  relatively  large 
CPU  times.  Therefore,  before  starting  the  generation  of  a  supplementary  data 
base  for  the  frequency  range  up  to  120  GHz  with  packages  all  below  cut-off. 
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Geometry;  u“  .050  .050  .083  h--  .100  H=1.00  Ws  =  1.067  xp=  .000 


f/GHz 

10.  20.  30.  -lO.  50.  60.  70.  80.  90.  100.  110.  120. 


FULL -WAVE  DYN.  MODEL  LOW  FREQ. 


some  useful  precomputations  were  done  with  the  aim  of  restricting  the  size  of 
this  data  base. 

The  data  bases  for  the  generation  of  equivalent  circuit  models  for  the  open 
end,  gap  and  step  discontinuities  contain  discontinuity  configurations  of 
different  cover  heights.  The  investigation  of  the  90°-bend  discontinuity 
showed  that  for  this  discontinuity  the  cover  height  has  only  a  minor 
influence  on  the  frequency  dependent  behaviour,  for  heights  in  the  range  of 
technical  interest.  The  results  of  Figs.  13.6-9  show  the  magnitude  and  phase 
of  scattering  parameters  S13  and  Sll  of  a  T-junction  configuration  for  two 
different  cover  heights  of  H  =  0.5  mm  and  H  =  1  imi.  The  two  sets  of 
scattering  parameters  give  similar  frequency  dependent  behaviour.  For  large 
cover  heights,  the  influence  of  the  cover  plate  decreases  further  and  for 
smaller  cover  heights  are  not  of  technical  interest  for  circuit  development. 
Therefore  it  can  be  concluded  that  the  inclusion  of  different  cover  heights 
in  the  supplementary  data  base  does  not  strongly  affect  the  analytic 
expressions  for  frequencies  below  the  package  mode  cut-off. 

In  general,  the  frequency  dependent  dynamic  behaviour  of  the  T-junction 
discontinuity  depends  on  package  effects  and/or  less  pronounced  dynamic 
effects  related  to  the  discontinuities  themselves.  Package  effects  are 
considerable  only  near  or  above  the  cut-off  of  the  dominant  parasitic  package 
mode.  To  demonstrate  this  a  symmetric  T-junction  configuration  of  strip 
width  w^  =  W2  =  SOum,  W3  =  25nm  was  analysed  for  different  positions  in  the 
package.  The  results  for  parameter  $12  are  shown  for  the  following 
positions;  =  0.5*xp,  X3  =  0.5*W^;  x^  =  0.5*xp,  X3  =  0.65*Wg;  x  ^ 
0.65*xp,  X3  =  0.5*W^;  and  x^  =  0.65*xp,  X3  =  0.65*W^  in  Figs.  13.10-13 
respectively. 

The  maximum  deviation  as  a  function  of  the  discontinuity  position  in  the 
package  is  less  than  0.01  for  the  magnitude  of  parameter  312  and  less  than  1® 
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Geometry:  .OSt!  .225  .  h=  .122  H-1.23  l'is=  .03B  xp=  .800 


f/GHz 

10.  20.  30.  •IB.  50.  80.  .■’0.  80.  90.  100.  110.  120. 


rULL-WRVE 


Fig.  13.6:  S13  for  T-junction:  cover  height  0.5  mm 

Geometry:  ui-  .050  .025  .100  h=  .100  H=  .50  Ws=  .800  *p=  .800 

f/GHz 


rULL-HRVE 


Fig.  13.7:  Sll  for  T-junction:  cover  height  0.5  mm 


13.8;  S13  for  T-junction;  cover  height  1.0  mm 

Geometry:  u-  .050  .025  .050  .100  H=1.00  Ws-  .000  xp-  .000 


f/GHz 

la  30  ta  40  so  GO.  70.  00.  90.  100.  110.  120. 


ruLL-wnvE 


Fig.  13.9;  Sll  for  T-junction:  cover  height  1.0  mm 


rULL-WflVE 


Fig.  13.11:  S12  for  T-junction,  second  position 


for  the  phase.  This  deviation  may  also  be  caused  by  different  degrees  of 
convergence  in  the  numerical  analysis  due  to  different  lengths  of  the  feed 
lines.  As  a  result  of  this  investigation,  it  can  be  concluded  that  the 

dynamic  behaviour  of  the  T-junction  discontinuity  is  related  to  the 
discontinuity  structure  itself  and  not  to  the  package,  as  long  as  the  package 
dimensions  are  not  too  close  to  the  T-junction  and  the  frequency  is  far 
enough  below  the  package  mode  cut-off  frequency. 

13.2.2.  Analytic  formulae  for  the  symmetric  T-junction 

As  for  the  quasi-static  expressions  for  the  T-junction  equivalent  circuit 

model,  a  first  set  of  analytic  formulae  was  developed  to  describe  the 
symmetric  T-junction  discontinuity.  A  subset  of  17  discontinuity 
configurations  was  chosen  in  addition  and  based  on  this  supplementary  data 
base  the  following  expressions  were  obtained  on  fitting  the  3-port  scattering 
parameters  of  the  equivalent  circuit  model  to  the  full -wave  data  base 
results.  The  following  formulae  were  obtained: 

2*T*f  *0/3=  BT  *  0.186  *  (  1  +  BT  )  *  DL  /na'^  /  Zl®  *  ^ 

w'eff 

=  v  1  -  atan(  -  *  FC  *  (0.093*(Zl®/Zl‘')^  +  (0.5  -  dlcM^ett)^)  ) 

na  =  na'  -  0.00027* (w2/h)^  2  *  f/GHz 

die  =  (  0.479  -  1.029  *  atan(RZ)  *dlc’  )  *  w^e«  * 

exp(0.1105*W3/h)  *  exp(0.llll*wi/h) 

die'  =  0.00759  +  0.8294  *  exp(  -l,698*atan(RZ)  )  + 

0.0884  •  FC  *  atan(RZ)  -  0.360*ln(1 .029*atan(R2)  ) 

dia  =  0.0292  *  Zl®  /  Zl°  *  (  1  -  2  *  Zl®  /  Zl*"  *  FC  )  *  w®eff  * 

(  1  -  exp(-6.264*wi/h)  )  *  exp(0.3136*W3/h) 


BT 


(  32.309*ln(RZ)  -t-  44.323*RZ*FC  -  12.130*exp(-1.169*RZ)  - 
98.448»(Zl‘^Co)^  ) 


DL 

= 

0.0399*RZ*(1-2*RZ*FC)  *  w%« 

RZ 

= 

/  2l® 

FC 

= 

atan  (  (  3.167  •  h/mm  *  f/GHz  /  (Zi^lfl)  f  ) 

where  and  2^^  are  the  characteristic  impedances,  is  the  propagation 
constant  and  and  are  the  effective  widths  of  the  feed  lines. 

Note  that  ports  1  and  2  are  related  to  a  and  port  3  to  c,  the  units  being  MKS 
except  where  stated  in  the  formulae. 

In  Table  3  (Section  13.6)  for  each  data  set  the  mean  deviation  the 

nican 

maximum  deviation  F  and  the  relative  maximum  deviation  F„,^^  are  listed 

max  maxr 

for  parameters  Sll,  S13,  S33,  S12,  S23  and  S22.  The  overall  deviations 
considering  all  data  sets  are: 


S11=S22: 

^mean 

=  2.77%, 

^max 

=  0.047, 

^maxr 

=  13.6% 

S13=S23: 

^mean 

=  1.38%, 

^max 

=  0.068, 

^maxr 

=  10.3% 

S33: 

^mean 

=  3.72%, 

^max 

=  0.080, 

^maxr 

=  23.2% 

S12: 

^mean 

=  1.11%, 

^max 

=  0.027, 

^maxr 

=  4.81% 

Again  the  relatively  large  values  are  not  meaningful  for  considering 

design  accuracy,  because  they  are  associated  with  small  F^^^^  values. 

13.2.3.  Analytic  formulae  for  the  general  T-junction 

A  subset  of  46  discontinuity  configurations  was  chosen  from  all  possible 
combinations  of  geometry  parameter  sets  and  used  to  generate  the  following 


expressions  by  fitting  the  scattering  parameters  of  the  equivalent  circuit 
model  to  the  full  wave  data  base  results; 

2*ir*f  *  C  /  S  =  BT  *  0.202  *  (  1  +  BT  )  *  DL/  Oa'  /  nb'  /Zl°  * 

^  w^ew  + 

2  2*w®aff 


na'  =  V  1  -  atan(  t  *  FCA  *  (0.11?*(Zl*/Zl°)^  +  (0.5  -  dlc/w^eff)^)  ) 

=  na'  -  0.00063»(w2/h)’  *  f/GHz 


nb'  =  V  1  -  atan(  tt  *  FCB  *  (0.112*(Zl‘’/Zl‘')^  +  (0.5  -  dlc/w^eff)^)  ) 


nb 

die 


dU 


dib 


with 

BT 


DL 

RZ 


nb'  -  0.00063*(W2/h)’  *  f/GHz  *  (wi/wz)^'^ 

W^aff  W^aff 

(  0.477  -  0.9985  *  atan(RZ)  *dlc'  )  *  - - - 

exp(0.0360*W3/h)  *  exp(0.1475*wi/h) 

die’  =  0.00567  +  0.8159  *  exp(  -1 .696*atan(RZ)  )  + 


0.0908  •  FC  •  atan(RZ)  -  0.342*ln(0.9985*atan(RZ)  ) 

0.0185  *  Zl*  /  Zl®  *  (  1  -  2  *  Zu®  /  Zl“  *  FCA  )  *  w®atf  * 
(  1  -  exp(-i0.i5*wi/h)  )  *  exp(0.4830*W3/h) 

0.0185  *  Zl*’  /  Zl®  *  (  1  -  2  *  Zl*’  /  Zl'  *  FCB  )  *  w'atf  * 
(  1  -  exp(-10.15*W2/h)  )  *  exp(0.4830*W3/h) 


(  26.021  *ln(RZ)  +  54.639*RZ*FC  -  6.856*exp(-1 .333*RZ)  - 
98.143*(Zl®/Zo)^  ) 

0.0401  *RZ*(1-2*RZ*FC)  *  w%ff 

V  Zl*  *  Zl'’  /  Zl® 


FC  =  V  FCA  *  FCB 

FCA  =  atan  (  (  2.71 1  *  h/mm  *  f/GHz  /  (ZL*/fl)  f  ) 

'CB  =  atan  (  (  2.711  *  h/mm  *  f/GHz  /  (Zi^n)  f  ) 
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where  Z,  ^ ,  Z, and  Z.  are  the  characteristic  impedances,  and  are  the 
propagation  constants,  and  w  w  and  w  are  the  effective  widths 
of  the  feed  lines.  Note  that  ports  1,  2  and  3  are  again  related  to  the  feed 
lines  a,  b  and  c,  the  units  being  MKS  except  where  stated.  Again  the 
formulae  have  been  generated  for  W2>w^. 

In  Table  4  (Section  13.6)  for  each  data  set  the  mean  deviation  F  ,  the 

nican 

maximum  deviation  F  and  the  relative  maximum  deviation  F„,^^  are  listed 

max  maxr 

for  parameters  Sll,  S13,  S33,  S12,  S23  and  S22.  The  overall  deviations 
considering  all  evaluated  data  sets  are: 


Sll: 

*^mean 

=  3.51%, 

^max 

=  0.077, 

^maxr 

=  18.6% 

S22: 

^mean 

=  4.26%, 

^max 

=  0.033, 

^maxr 

=  38.9% 

S33: 

^mean 

=  3.94%, 

^max 

=  0.083, 

^maxr 

=  18.8% 

S12; 

^mean 

=  1.23%, 

^max 

=  0.047, 

^maxr 

=  6.58% 

S13: 

p 

=  1.55%, 

P 

=  0.059, 

p 

=  9.66% 

mean 

max 

maxr 

S23: 

^mean 

=  1.70%, 

^max 

=  0.065, 

^maxr 

=  9.51% 

The  application  of  the  final  analytic  formulae  shows  relatively  large 
deviations  for  some  discontinuity  configurations.  However  the  respective 
absolute  deviations  listed  in  Tables  3  and  4  are  at  the  same  time 
sufficiently  small.  Considering  the  wide  range  of  validity  of  the  analytic 
formulae  (0  <  f*h  <  12  GHz*mm)  the  final  expressions  above  provide  a  great 
improvement  on  other  published  T-junction  equivalent  circuit  models. 

13.3.  DEVELOPMENT  OF  THE  TRANSFORMER  RATIO  EXPRESSIONS 

To  check  the  package  resonance  effect  dependency  on  the  choice  of  the  package 
dimensions  and  on  the  position  of  the  discontinuity  in  a  package,  several 
T-junction  configurations  were  analysed.  For  simplicity  cases  with  the  same 
feed  line  widths  but  different  discontinuity  positions  in  the  package  and 
different  package  dimensions  were  used.  The  results  show  parameters  Sll,  S12 
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and  S13  for  the  following  T-junction  positions  and  package  dimensions; 
package  width:  1.54mm;  package  length:  1.92mm,  xl  =  0.93mm,  x2  =  0.98mm,  x3  = 
0.93mm  (Figs.  13.14-16);  package  width:  1.92mm;  package  length:  1.92mm  xl  = 
0.93mm,  x2  =  0.99mm,  x3  =  0.93mm  (Figs.  13.17-19).  These  results  were 
computed  using  the  correction  factors  given  in  the  title  of  the  respective 
resultant  plots.  As  can  be  seen  the  resonance  behaviour  was  found  to  be  well 
predicted. 

The  dynamic  transformer  ratio 

N  *  cos^^  (0.5*Ti-^(f-fo)/fo)  *  exp(-fi*(-fo)/fo)  f<fo 
^  N  f>fo 

^dyn  ~  "^dyn 

were  introduced  into  the  T-junction  model  (Fig.  13.2)  for  the  transformers 
Nl,  N2,  N3,  Ml,  M2  and  M3.  fg  and  f^  are  described  identically  by  those 
expressions  developed  for  the  other  discontinuities. 

ffl  =  *  ^o'  *  (1  +  exp(-0.0638  *  W^/h  *  H/h)  )*  (1  -  2.33  *  exp(-0.33 

*  W^/h)) 

fg'  =  1.0 
^  =  2 

Refinement  of  the  transformer  ratio  expressions  were  done  by  analysing 
T-junction  configurations  situated  with  in  packages  having  dimensions  that 
cause  a  package  resonance  at  frequencies  below  120  GHz.  The  formulae 
accuracy  is  shown  by  the  results  given  in  Figs.  13.14-19. 

In  the  T-junction  equivalent  circuit  model,  the  transformer  N4  describes  the 
LSMq/LSMq'  mode  orthogonal  excitation  similar  to  transformer  N3  in 
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Geometry;  u)=  .120  .060  .120  h=  .100  H=  .50  ris  =  1.536  xp=1.920 


the  90°-bend  discontinuity  model.  Preliminary  investigations  on  the 
transformer  N4  for  the  T-junction  showed  that  the  numerical  value  was  again 
very  small  (N4  =  0.001  for  all  computations).  However  it  could  not  be 
neglected  as  in  the  90°  bend,  because  it  was  found  that  a  small  non-zero 
transformer  ratio  was  necessary  to  match  the  two  slightly  different  resonance 
frequencies  of  both  orthogonal  LSMq/LSMq'  package  modes  into  a  single 
resonance. 

13.4.  VERIFICATION  OF  THE  T-JUNCTION  ANALYTIC  FORMULAE 

The  refined  model  expressions  for  the  T-junction  discontinuity  are  given  in 
the  summary.  These  formulae  were  used  also  to  analyse  some  additional 
T-junction  configurations  for  final  model  verification.  Due  to  the  amount  of 
CPU  time  necessary  for  accurate  numerical  computations  this  was  done  for  only 
a  small  data  base  of  15  different  T-junction  configurations.  For  a  high 
nunber  of  frequencies  (up  to  40)  the  respective  configurations  were  computed 
to  show  clearly  the  resonance  behaviour.  For  an  example  T-junction  configur¬ 
ation,  the  Sll,  $12  and  $13  magnitude  and  phase  generated  by  the  dynamic 
equivalent  circuit  model  are  plotted  in  Figs.  13.20-22  together  with  the 
data  base  results.  As  can  be  seen  the  results  show  good  agreement  between 
the  predicted  discontinuity  behaviour  and  the  numerically  computed  full-wave 
resul  ts , 

13.5.  T-JUNCTION  MODEL  $UMMARY 

In  this  section,  the  microstrip  T-junction  fonmulae  are  summarised  ,  where 
2^microstrip  ^^^^microstrip  computed  according  to  procedures  in 

$ection  4.  For  the  unsymmetric  T-junction  the  formulae  have  been  derived  for 
W2>w^.  All  units  are  MRS  except  where  stated  otherwise  in  the  formulae. 
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13.20:  Sll  for  T-junction,  model  verification 


13.21:  S12  for  T-junction,  model  verification 


Quasi -static  formulae 

2*ir*f  *  C  /  S  = 

Ha 

die  = 

dia  = 

with 

BT 

DL 

RZ 

FC 


for  the  symmetric  T-junction 

BT  *  2.606  •  (  1  +  BT  )  *  DL  /  n^2  /  2i.°  *  *  P* 

W®«f( 

V  1  -  atan(  -rr  *  FC  •  (-0.0523*(Zl®/Zl'')^  +  (0.8932  -  dlc/w%ff)2)  ) 

(  0.521  -  1.075  *  atan(R2)  -die'  )  *  vv%ff 
die'  =  0.0598  4-  0.780  *  exp(  -1.742*atan(RZ)  ) 

-3.143  •  FC  *  atan(R2)  -  0.3874*!n(1.075*atan(RZ)  ) 

0.0446  *  2l^  /  Zl*^  *  (  1  -  2  *  Zl^  /  Zl'^  *  FC  )  *  w‘^eff 

(  0.301  *ln(RZ)  +  13.81 ’'RZ*FC  -  4.784»exp(-1.710*RZ)  - 
11.498*(Zc*/2o)^  ) 

0.0494*RZ*(1-2*RZ*FC)  *  w%ff 

Zl"  /  Zl" 

atari  (  (  2.375  *  h/mm  *  f/GHz  /  (Zl^/H)  f 
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Quasi- static  formulae  for  the  general  T-junction 


2'-*f  •  c  /  s  = 


BT  *  1 .778  *  (  1  +  BT  )  •  DL  /  na  /  nb  /  Zl  * 

3®  4-  W^eff 

2  2*w‘=e« 

(-0.274*(1  +0.11*(W3/Wi)°*’’  ) 

(1  +  0.106  *  (w2Aa/i-1)  / 


V  1  -  atan(  -z;  •  FCA  *  (0.404*  (Zl*/Zl®)^  +  (1-2S7  -  dlc/v/ ) 


V  1  -  atan(  ^  *  FCB  *  (0.404*(Zl‘’/Zl‘^)^  +  (1-257  -  dle/w“ enf)  ) 

(  0.453  -  1.17  «  atan(RZ)  'die'  )  *  * 

(1.5885*(1 +0.071 52*(wi/h)’’^ 

(  1  +  0.0131  *  (W2/W1-1)  ) 


die'  =  -0.03147  +  0.578  *  exp(  -1.05*atan(R2)  ) 

-13.63  *  FC*atan(R2)  -  0.2041  •ln(1.17*atan(R2)) 

0.024  *  Zl'*  /  Zl'  *  (  1  -  2  *  Zl“  /  Zl®  *  FCA  )  *  w®e« 

(2.376’(1-0.191*(W3/wi)’“’'®) 

(  1  -  0.298  *  (W2/W1-1)  ) 


0.024  *  Zl®  /  Zl®  *  (  1  -  2  *  Zl®  /  Zl®  *  FCB  )  *  w%ft 

(2.603*(1  +  0.2484* (W3/W2)’  ®^®)  , 

(  1  -  2.587  *  (1-W1/W2)  ) 


BT 

(  5.091  •In(RZ)  +22.22*RZ 
15.22*(ZL‘yZo)^  ) 

DL 

0.01844*RZ*(1-2*RZ*FC)  * 

RZ 

y  2^3  .  Zl®  /  Zl® 

FC 

\/  FCA  *  FCB 

FCA 

atan  (  (  0.9941  *  h/mm  * 

FCB 

atan  (  (  0.9941  *  h/mm  * 

.  ^tr\\ 


.  b//-iv  \2 
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A1  ternate  formul  ae  for  the  symmetric  T-junction 


2*T*f  *0/3  = 


na' 


Oa 


die 


dia 


with 

BT 


DL 

RZ 


BT  *  0.186  *  (1  +  BT  )  *  DL  /  na'2  /  Zl°  *  - ^ 

'  c 

w  «« 

V  1  -  atan(  -  *  FC  *  (0.093*(Zl®/Zl'')^  +  (0.5  -  dlcM^eft)^)  ) 

na'  -  0  00027*(w2/h)’  ^  *  f/GHz 

(  0.479  -  1.029  •  atan(RZ)  ‘die’  )  *  * 

exp(0.1  l05*W3/h)  *  exp(0.ll8l*wi/h) 

die’  =  0.00759  +  0.8294  *  exp(  -1 .698*atan(RZ)  )  + 

0.0884  •  FC  •  atan(RZ)  -  0.360*ln(1 .029*atan{RZ)  ) 

0.0292  •  Zl^  /  Zl*^  •  (  1  -  2  *  2l®  /  Zl'  *  FC  )  *  w‘=e«  * 

(  1  -  exp(-6.264*wi/h)  )  *  exp(0.3136*W3/h) 

(  32.309*ln(R2)  +  44.323*RZ*FC  -  12.130*exp(-1.169*RZ)  - 
98.448*(2i.'/Zo)^  ) 

0.0399*RZ*(1-2*RZ*FC)  *  w%tt 

/  Zl^ 


FC 


atan  (  (  3.167  *  h/mm  *  f/GHz  /  (Zl^/D)  f  ) 
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Alternate  formulae  for  the  general  T-junction 


2*TT*f  *  C  /  S  =  BT  *  0.202  *  (  1  +  BT  )  *  DL  /  na'  /  nt'  /Zl°  * 

P*  ^  ,  W^eff  -H  W^eff 

2  2*W°eff 

na'  =  v  1  -  atan(  tt  *  FCA  *  (0.112*(Zl®/Zl*')^  +  (0.5  -  dlc/w*etf)^)  ) 

na  =  na'  -  0.00063'*(W2/h)’  *  f/GHz 

nb'  =  V  1  -  atan(  ir  *  FOB  *  (0.i12*(Zl“’/Zl‘')^  +  (0.5  -  dlc/w*’atf)^)  ) 

fib  =  nb'  -  0.00063*(W2/h)’  •  f/GHz  *  (wi/W2)^  ^ 


die 


die 


dib 


with 

BT 


DL 

RZ 


w^aff  "V"  w^aff 

(  0.477  -  0.9985  *  atan(RZ)  *dlc'  )  *  - 

2 

exp(0.0360*W3/h)  *  exp(0.1475*wi/h) 

die’  =  0.00567  +  0.8159  *  exp(  -1 .696*atan(RZ)  )  + 

0.0908  •  PC  •  atan(RZ)  -  0.342*ln(0.9985*atan(RZ)  ) 

0.0185  *  Zl*  /  Zl''  •  (  1  -  2  *  Zl*  /  Zl°  *  FCA  )  *  w“aff  * 
(  1  -  exp(-l0.l5*wi/h)  )  •  exp(0.4830*w3/h) 

0.0185  *  Zl^’  /  Zl*"  ’"  (  1  -  2  *  Zl^’  /  Zl"  *  FCB  )  *  w^aff  * 
(  1  -  exp(-l0.l5*W2/h)  )  *  exp(0.4830*W3/h) 

(  26.021  *ln(RZ)  +  54.639*RZ*FC  -  6.856*exp(-1.333*RZ)  - 
98.143*(Zl‘7Zo)^  ) 

0.0401  *RZ*(1-2*RZ*FC)  *  w%tt 

\/  Zl*  *  Zl*’  /  Zl'’ 


FC  =  V  FCA  *  FCB 

FCA  =  atan  ((  2.711  *  h/mm  *  f/GHz  /  (Zi'/fl)  f  ) 

FCB  =  atan  ((  2.711  *  h/mm  *  f/GHz  /  (ZL‘’/n)  f  ) 


where  Z,  Z,  ^  and  Z,  ^  are  the  characteristic  impedances  lines,  and  and 
L  L  L  sab 

are  the  propagation  constants,  w  w  and  w  are  the  effective 

widths  of  the  feed  lines.  Note  that  ports  1,  2  and  3  are  related  to  the  feed 

1 ines  a,  b  and  c. 

Transformer  ratios  N1 ,  N2,  N3 ,  N4,  Ml,  M2,  M3 

Nl  =  Ndyn(Wi) 

N2  =  Ndyn(\W2) 

N3  =  Ndyn(W3) 

N4  =  0.001 
Ml  =  -Ndyn(wi) 

M2  =  -Ndyn(W2) 

M3  =  -Ndyn(W3) 

N(Wi)  *  COS*^  (  0.5*-:r*(f-fo)/io  )  *  exp(  -fi*(f-fo)/fo  )  f<fo 
N(Wi)  f>fo 

4.8/-ir  *  (  COS  (  — ^  *  (Ws  -  Weff(Wi))  )  -  COS  (  -  *(ws  +  Wetf(Wi))  )  ) 

2ws  2ws 

w,ff(wi)  =  w'^etf  =  2o  •  h  /  Zt'^iwi)  /  \/ 

to  =  fc  *  1.4  *  (  1  +  exp(-0.0638  •  Ws/h  *  H/h)  )*  (1  -  2.33  *  exp(-0.33  *  Ws/h)) 
fi  =  2 


'eff 

=  =stat 

wi  th  f,  = 

S 

2“s-  ^Stat 

and  f.  .  . 

(H*h) 

stat 

H+R  ’ 

1.  (LSM  )  =  ^ 

L 

0  “s  ^T-TTf^ 

<^o- 

IZOnfl.  Cg  *  2.9979  10®  m/s) 
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N<lyn(Wi)  = 
N(W|)  = 


Transmission  lines  LSM^,,  LMS'^, 

In  the  above  formulae  the  LSMq3,  LSM'q3  characteristics  should  be  derived 
with  the  package  length  Xp  instead  of  the  width  W^. 

Range  of  Model  Validity 


The  validity  range  of  the  T-junction  models  for  a  GaAs  dielectric  constant  = 
12.9,  is: 


quasi  -static  model  : 


dynamic  model: 


50  urn 

<  h 

< 

200  ^im 

0.1 

<  w/h 

< 

2 

0.25 

<  w2/wl 

< 

4 

(w2/h  max 

=  2) 

1 

<  w3/wl 

< 

5 

(w3/h  max 

=  2) 

6.4 

<  Ws/h 

< 

32 

5 

<  H/h 

< 

20 

0.1 

<  w/h 

< 

2 

0.25 

<  w2/wl 

< 

4 

(w2/h  max 

=  2) 

1 

<  w3/wl 

< 

4 

(w3/h  max 

=  2) 

6.4 

<  Ws/h 

< 

32 

5 

<  H/h 

< 

20 

where  the  quasi-static  model  is  described  by  Fig.  13.3  and  the  dynamic  model 
by  Fig.  13.2  between  the  reference  planes  RPl,  RP2  and  RP3.  The  quasi -static 
model  is  valid  for  the  range  0  <  f*h  <  3  GHz  mm.  The  dynamic  model  using  the 
alternate  expressions  in  the  quasi-static  part  of  the  model  is  valid  for  the 
range  0  <  f*h  <  12  GHz. 
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Table  1 


W1 

W2 

W3 

311 

Fmean,  Fmax, 

313 

Fmaxr 

333 

Fmean,  Fmax, 

Fmaxr 

.20 

.025 

.200 

.014 

.004 

.026 

.010 

.007 

.014 

.022 

.022 

.032 

.20 

.050 

.200 

.011 

.003 

.016 

.014 

.009 

.017 

.033 

.026 

.043 

.20 

.  100 

.200 

.015 

.004 

.017 

.013 

.011 

.019 

.037 

.025 

.050 

.20 

.  160 

.200 

.005 

.003 

.009 

.007 

.010 

.015 

.023 

.018 

.044 

.20 

.200 

.200 

.008 

.006 

.020 

.018 

.033 

.049 

.046 

.043 

.120 

.20 

.250 

.200 

.010 

.006 

.015 

.011 

.009 

.013 

.042 

.014 

.049 

.20 

.400 

.200 

.028 

.019 

.042 

.012 

.016 

.023 

.158 

.033 

.236 

.  10 

.013 

.  100 

.031 

.007 

.037 

.003 

.002 

.004 

.004 

.004 

.006 

.  10 

.025 

.  100 

.031 

.009 

.041 

.002 

.002 

.003 

.005 

.004 

.007 

.  10 

.050 

.  100 

.016 

.005 

.018 

.005 

.004 

.006 

.018 

.009 

.019 

.  10 

.080 

.  100 

.018 

.006 

.019 

.002 

.002 

.003 

.010 

.005 

.012 

.  10 

.  100 

.  100 

.011 

.004 

.011 

.002 

.002 

.003 

.005 

.004 

.011 

.  10 

.  125 

.  100 

.011 

.005 

.013 

.002 

.003 

.005 

.009 

.003 

.011 

.  10 

.200 

.  100 

.007 

.005 

.012 

.002 

.003 

.004 

.030 

.006 

.042 

.  10 

.  400 

.  100 

.023 

.024 

.043 

.025 

.030 

.043 

.134 

.021 

.152 

.05 

.013 

.050 

.035 

.011 

.044 

.008 

.006 

.010 

.019 

.010 

.019 

.05 

.025 

.050 

.037 

.014 

.049 

.010 

.009 

.014 

.029 

.014 

.032 

.05 

.  040 

.050 

.026 

.010 

.031 

.007 

.007 

.010 

.030 

.012 

.032 

.05 

.050 

.050 

.031 

.016 

.047 

.009 

.010 

.016 

.023 

.012 

.037 

.05 

.063 

.050 

.027 

.013 

.037 

008 

.009 

.013 

.021 

.009 

.030 

.05 

.  100 

.050 

.024 

.013 

.033 

.009 

.010 

.014 

.031 

.008 

.039 

.05 

.200 

.050 

.021 

.012 

.024 

.000 

.001 

.001 

.133 

.008 

.306 

.05 

.400 

.050 

.023 

.016 

.026 

.033 

.040 

.058 

.101 

.031 

.141 

.02 

.010 

.020 

.033 

.014 

.049 

.008 

.009 

.014 

.018 

.012 

.029 

.02 

.016 

.020 

.020 

.008 

.024 

.005 

.005 

.008 

.008 

.004 

.011 

.02 

.020 

.020 

.017 

.008 

.024 

.004 

.003 

.005 

.009 

.006 

.018 

.02 

.025 

.020 

.017 

.008 

.022 

.004 

.004 

.007 

.021 

.007 

.025 

.02 

.040 

.020 

.016 

.008 

.022 

.005 

.005 

.007 

.024 

.007 

.028 

.02 

.080 

.020 

.019 

.009 

.020 

.004 

.003 

.004 

.114 

.012 

.118 

.02 

.160 

.020 

.007 

.004 

.008 

.004 

.005 

.007 

.090 

.011 

.108 

.01 

.010 

.010 

.027 

.014 

.041 

.014 

.014 

.021 

.036 

.019 

.058 

.01 

.013 

.010 

.031 

.015 

.043 

.015 

.015 

.022 

.048 

.018 

.059 

.01 

.020 

.010 

.032 

.019 

.052 

.016 

.018 

.026 

.054 

.018 

.071 

.01 

.040 

.010 

.087 

.065 

.152 

.018 

.020 

.028 

.108 

.018 

.126 

S12  S23  S22 

Fmean,  Fmax,  Fmaxr  Fmean,  Fmax,  Fmaxr 


.20 

.025 

.200 

.003 

.003 

.003 

.010 

.007 

.014 

.014 

.004 

.026 

.20 

.050 

.200 

.005 

.005 

.006 

.014 

.009 

.017 

.011 

.003 

.016 

.  20 

.  100 

.200 

.007 

.006 

.008 

.013 

.011 

.019 

.015 

.004 

.017 

.  20 

.  160 

.  200 

.003 

.003 

.005 

.007 

.010 

.015 

,005 

.003 

.009 

.20 

.200 

.200 

.004 

.004 

.006 

.018 

.033 

.049 

.008 

,006 

.020 

.  20 

.250 

.200 

.007 

.008 

.012 

.011 

.009 

.013 

.010 

.006 

.015 

.20 

.400 

.200 

.019 

.024 

.044 

.012 

.016 

.023 

.028 

.019 

.042 

.  10 

.013 

.  100 

.008 

.008 

.010 

.003 

.002 

.004 

.031 

.007 

.037 

.  10 

.025 

.  100 

.010 

.011 

.014 

.002 

.002 

.003 

.031 

.009 

.041 

.  10 

.050 

.100 

.007 

.006 

.008 

.005 

.004 

.006 

.016 

.005 

.018 

.  10 

.080 

.  100 

.009 

.008 

.011 

.002 

.002 

.003 

.018 

.006 

.019 

.  10 

.100 

.  100 

.007 

.006 

.009 

.002 

.  002 

.003 

.011 

.004 

.011 

.  10 

.  125 

.  100 

.007 

.005 

.008 

.002 

.003 

.005 

.011 

.005 

.013 

.  10 

.  200 

.  100 

.007 

.005 

.009 

.002 

.003 

.004 

.007 

.005 

.012 

.  10 

.400 

.  100 

.021 

.014 

.031 

.025 

.030 

.043 

.023 

.024 

.043 

.05 

.013 

.050 

.011 

.011 

.015 

.008 

.006 

.010 

.035 

.011 

.044 

.05 

.025 

.050 

.014 

.013 

.019 

.010 

.009 

.014 

.037 

.014 

.049 

.05 

.040 

.050 

.012 

.010 

.014 

.007 

.007 

.010 

.026 

.010 

.031 

.05 

.050 

.050 

.013 

.014 

.021 

.009 

.010 

.016 

.031 

.016 

.047 

.05 

.063 

.050 

.013 

.012 

.019 

.008 

.009 

.013 

.027 

.013 

.037 

.05 

.  100 

.050 

.013 

.011 

.019 

.009 

.010 

.014 

.024 

.013 

.033 

.05 

.200 

.050 

.024 

.014 

.028 

.000 

.001 

.001 

.021 

.012 

.024 

.05 

.400 

.050 

.047 

.023 

.059 

.033 

.040 

.058 

.023 

.016 

.026 

257 


.02 

.010 

.020 

.013 

.015 

.021 

.008 

.009 

.014 

.033 

.014 

.049 

.02 

.016 

.020 

.011 

.009 

.014 

.005 

.005 

.008 

.020 

.008 

.024 

.  02 

.020 

.020 

.009 

.010 

.015 

.004 

.003 

.005 

.017 

.008 

.024 

.02 

.025 

.020 

.  Oil 

.010 

.016 

.004 

.004 

.007 

.017 

.008 

.022 

.02 

.  040 

.020 

.012 

.011 

.018 

.005 

.005 

.007 

.016 

.008 

.022 

.02 

.080 

.020 

.019 

.012 

.023 

.004 

.003 

.004 

.019 

.009 

.020 

.02 

.  160 

.020 

.021 

.017 

.036 

.004 

.005 

.007 

.007 

.004 

.008 

.01 

.010 

.010 

.010 

.011 

.017 

.014 

.014 

.021 

.027 

.014 

.041 

.01 

.013 

.010 

.013 

.013 

.020 

.015 

.015 

.022 

.031 

.015 

.043 

.01 

.020 

.010 

.015 

.016 

.026 

.016 

.018 

.026 

.032 

.019 

.052 

.01 

.040 

.010 

.058 

.064 

.117 

.018 

.020 

.028 

.087 

.065 

.152 

.258. 


Table  2 


Wl 

W2 

W3 

Sll 

Fmean,  Fmax, 

S13 

Fmaxr 

S33 

Fmean,  Fmax, 

Fnicixr 

.20 

.025 

.200 

.023 

.004 

.025 

.006 

.004 

.007 

.009 

.010 

.015 

.  20 

.025 

.300 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.20 

.050 

.200 

.021 

.005 

.023 

.010 

.008 

.013 

.013 

.010 

.017 

.20 

.050 

.300 

.030 

.011 

.039 

.006 

.006 

.013 

.016 

.015 

.023 

.20 

.  100 

.  200 

.024 

.008 

.031 

.016 

.013 

.022 

.032 

.019 

.039 

.20 

.  100 

.300 

.020 

.008 

.026 

.008 

.008 

.015 

.029 

.024 

.043 

.20 

.200 

.  200 

.158 

.065 

.168 

.029 

.021 

.032 

.110 

.042 

.130 

.20 

.200 

.300 

.027 

.018 

.045 

.018 

.017 

.029 

.030 

.023 

.055 

.20 

.250 

.200 

.033 

.019 

.054 

.020 

.022 

.033 

.042 

.019 

.068 

.20 

.250 

.  300 

.028 

.019 

.046 

.018 

.020 

.032 

.034 

.021 

.060 

.  10 

.013 

.  100 

.045 

.012 

.060 

.005 

.004 

.008 

.021 

.021 

.035 

.  10 

.025 

.  100 

.040 

.013 

.056 

.003 

.002 

.003 

.016 

.014 

.025 

- 10 

.025 

.  150 

.042 

.015 

.053 

.006 

.005 

.009 

.011 

.012 

.019 

.  10 

.050 

.  100 

.021 

.006 

.023 

.008 

.007 

.011 

.019 

.010 

,022 

.  10 

.050 

.  150 

.017 

.006 

.017 

.004 

.004 

.007 

.007 

.005 

.010 

.  10 

.050 

.200 

.020 

.009 

.023 

.003 

.002 

.004 

.013 

.010 

.018 

.  10 

.080 

.  100 

.014 

.006 

.018 

.007 

.007 

.010 

.006 

.004 

.010 

.  10 

.080 

.  150 

.015 

.007 

.021 

.006 

.006 

.010 

.008 

.005 

.011 

.  10 

.080 

.200 

.017 

.008 

.020 

.005 

.005 

.009 

.011 

.008 

.017 

.  10 

.  100 

.  100 

.007 

.003 

.009 

.011 

.010 

.015 

.011 

.005 

.016 

.  10 

.  100 

.  150 

.008 

.005 

.014 

.012 

.009 

.014 

.013 

.006 

.017 

.  10 

.100 

.200 

.015 

.009 

.021 

.009 

.007 

.012 

.014 

,009 

.021 

.  10 

.  125 

.  100 

.006 

.003 

.009 

.012 

.011 

.017 

.014 

.005 

.018 

.  10 

.  12  5 

.  150 

.007 

.004 

.010 

.012 

.010 

.015 

.010 

.005 

.015 

.  10 

.  125 

.200 

.009 

.006 

.013 

.011 

.009 

.016 

.015 

,009 

.023 

.  10 

.200 

.  100 

.023 

.017 

.040 

.023 

.023 

.033 

.062 

.013 

,078 

.  10 

.200 

.  150 

.022 

.018 

.040 

.025 

.022 

,033 

.030 

.008 

.038 

.  10 

.200 

.200 

.025 

.022 

.044 

.023 

.018 

.030 

.023 

.009 

.034 

.05 

.013 

.050 

.043 

.014 

.057 

.007 

.005 

.009 

.029 

.019 

.038 

.05 

.013 

.083 

.044 

.016 

.054 

.009 

.007 

.012 

.019 

.017 

.031 

.05 

.013 

.250 

.037 

.023 

,047 

.030 

.014 

.036 

.012 

.012 

.018 

.05 

.025 

.050 

,040 

.015 

.054 

.007 

.005 

.008 

.035 

.019 

.044 

.05 

.025 

.083 

.038 

.015 

,046 

.008 

.005 

.009 

.021 

.015 

.031 

.05 

.025 

.250 

.034 

.022 

.044 

.016 

.009 

.020 

.009 

,007 

.011 

.05 

.040 

.050 

.026 

.010 

.030 

.005 

.004 

.006 

.033 

.014 

.038 

.05 

.040 

.083 

.016 

.007 

.020 

.002 

.002 

.003 

.011 

.008 

.019 

.05 

.040 

.  150 

.026 

.014 

.031 

.007 

.005 

.009 

.005 

.003 

.006 

.05 

.040 

.250 

.025 

.015 

.028 

.009 

.007 

.014 

.008 

.008 

.013 

.05 

.050 

.050 

.028 

.014 

.041 

.002 

.003 

.004 

.025 

.013 

.039 

.05 

,050 

.083 

.032 

.014 

.036 

.003 

.003 

.004 

.023 

.012 

.032 

.05 

.050 

.  150 

.024 

.013 

.027 

.005 

.004 

.008 

,015 

.011 

.023 

.05 

.050 

.250 

.014 

.013 

.023 

.009 

.006 

.012 

.012 

.012 

.023 

.05 

.063 

.050 

.021 

.009 

.025 

.003 

.003 

.004 

.016 

.006 

.021 

.05 

.063 

.083 

,017 

.008 

.021 

.004 

.004 

.006 

.014 

.008 

.021 

.05 

.063 

.  150 

.016 

.009 

.020 

.005 

.004 

.007 

.010 

.005 

.012 

.05 

.063 

.250 

.019 

.013 

.024 

.006 

.004 

.008 

.010 

.006 

.011 

.05 

.  100 

.083 

.006 

.005 

.012 

.009 

.009 

.014 

.017 

.005 

.019 

.05 

.  100 

.  150 

.010 

.008 

.015 

.009 

.006 

.011 

.013 

.006 

.017 

.  05 

.200 

.083 

.024 

.026 

.049 

.037 

.039 

.058 

.085 

.007 

.  110 

.05 

.200 

.  150 

.021 

.020 

.035 

.023 

.020 

.034 

.027 

.005 

.034 

.05 

.200 

.250 

.016 

.017 

.027 

.012 

.009 

.017 

.027 

.012 

.045 

.259. 


02 

.010 

.020 

.036 

.016 

.054 

.004  .004 

.006 

.023 

.015 

.036 

02 

.010 

.040 

.058 

.021 

.063 

.011  .008 

.014 

.023 

.017 

.036 

02 

.016 

.020 

.021 

.008 

.024 

.002  .002 

.003 

.010 

.006 

.015 

02 

.016 

.040 

.036 

.014 

.039 

.008  .007 

.012 

.015 

.009 

.021 

02 

.016 

.080 

.028 

.014 

.033 

.007  .004 

.007 

.016 

.009 

.018 

02 

.020 

.020 

.015 

.008 

.024 

.009  .008 

.011 

,012 

.007 

.020 

02 

.020 

.040 

.030 

.024 

.063 

.013  .017 

.029 

.008 

.004 

.010 

02 

.020 

.080 

.013 

.010 

.023 

.013  .012 

.023 

.015 

.008 

.018 

02 

.025 

.020 

.015 

.007 

.019 

.005  .006 

.008 

.024 

.009 

.029 

02 

.025 

.040 

.024 

.017 

.042 

.013  .014 

.023 

.010 

.007 

.020 

02 

.025 

.080 

.015 

.009 

.019 

.011  .008 

.015 

.007 

,005 

.011 

02 

.040 

.020 

.011 

.005 

.012 

.007  .008 

.011 

.025 

.006 

.028 

02 

.040 

.040 

.020 

.009 

.020 

.010  .008 

.012 

,011 

,004 

.014 

02 

.040 

.080 

.016 

.011 

.023 

.010  .008 

.014 

.013 

.005 

.014 

02 

.080 

.020 

.013 

.006 

.014 

.014  .014 

.020 

,122 

.012 

.123 

02 

.080 

.040 

.016 

.009 

.018 

.017  .017 

.026 

.035 

.006 

.041 

02 

.080 

.080 

.014 

.009 

.016 

.008  .007 

.012 

.021 

,007 

.031 

01 

.010 

.010 

.034 

.012 

.036 

.019  .028 

.041 

.077 

.053 

.159 

01 

.010 

.020 

.064 

.055 

.146 

.026  .034 

.054 

.042 

.021 

.055 

01 

.010 

.040 

.024 

.015 

.035 

.020  .017 

.030 

.049 

.029 

.067 

01 

.013 

.010 

.030 

.014 

042 

.008  .007 

.010 

.049 

.019 

.062 

01 

.013 

.020 

.045 

.026 

.070 

.019  .021 

.033 

.037 

,019 

.052 

01 

.013 

.040 

.035 

.016 

.037 

.010  .008 

.013 

.036 

.024 

.056 

01 

.020 

.010 

.029 

.017 

.046 

.008  .007 

.011 

.053 

.018 

.069 

01 

.020 

.020 

.036 

.019 

.047 

.011  .008 

.013 

.046 

.020 

.068 

01 

.020 

.040 

.041 

.020 

.044 

.012  .008 

.014 

.049 

.028 

.076 

01 

.040 

.010 

.079 

.064 

.150 

.005  .005 

.007 

.109 

.018 

.126 

01 

.040 

.020 

.035 

.020 

.044 

.007  .005 

.007 

.068 

.019 

.097 

01 

.040 

.040 

.040 

.022 

.045 

.018  .012 

.020 

.070 

.025 

.097 

01 

.040 

.080 

.000 

.000 

.000 

.000  .000 

,000 

.000 

.000 

,000 

312 

S23 

S22 

Fmean, 

Fmax, 

Fmaxr 

Fmean ,  Fmax , 

Fmaxr 

20 

.025 

.200 

.006 

.009 

.011 

.006  .004 

.007 

.023 

.004 

.025 

20 

.025 

.300 

.000 

.000 

.000 

.000  .000 

.000 

.000 

.000 

.000 

20 

.050 

.200 

.006 

.009 

.011 

.010  .008 

.013 

.021 

.005 

.023 

20 

.050 

,300 

.003 

.004 

.005 

.022  .017 

.029 

.071 

.008 

.162 

20 

.100 

.200 

.010 

.010 

.014 

.016  .013 

.022 

.024 

.008 

.031 

20 

.  100 

.300 

.004 

.004 

.005 

.024  .019 

.031 

.037 

.005 

.038 

20 

.200 

.200 

.030 

.023 

.035 

.047  .035 

.050 

.099 

.030 

.101 

20 

.200 

.300 

.012 

.013 

.019 

.022  .023 

.034 

.054 

.013 

.073 

20 

.250 

.200 

.019 

.020 

.031 

.020  .022 

.033 

.033 

.019 

.054 

20 

.250 

.300 

.019 

.020 

.030 

.019  .024 

.034 

.034 

.013 

.058 

10 

.013 

.  100 

.003 

.003  - 

.004 

.005  .004 

.008 

.045 

.012 

.060 

10 

.025 

.  100 

.003 

.003 

.004 

.003  .002 

.003 

.040 

.013 

,056 

10 

.025 

.  150 

.004 

.004 

,005 

.007  .004 

.007 

.070 

.009 

.076 

10 

.050 

.  100 

.007 

.007 

.010 

.008  .007 

.011 

.021 

.006 

.023 

10 

.050 

.  150 

.003 

.004 

.006 

.011  .010 

.015 

.018 

.003 

.020 

10 

.050 

.200 

.003 

.004 

.005 

.016  .015 

.024 

.046 

.005 

.084 

10 

.080 

.  100 

.004 

.005 

.007 

.007  .007 

.010 

.014 

.006 

.018 

10 

.080 

.  150 

.005 

.005 

.006 

.011  .010 

.014 

.018 

,005 

.024 

10 

.080 

.200 

.004 

.005 

.007 

.014  .014 

.020 

.034 

.006 

.054 

10 

.  100 

.  100 

.005 

.007 

.010 

.011  .010 

.015 

.007 

.003 

.009 

10 

.  100 

.  150 

.006 

.008 

.011 

.013  .012 

.017 

.011 

.003 

.014 

10 

.  100 

.200 

.006 

.009 

.012 

.016  .015 

.022 

.031 

.007 

.051 

10 

.125 

.  100 

.008 

.008 

.013 

.012  .011 

.017 

.006 

.003 

.009 

10 

.  125 

.150 

.007 

.009 

.014 

.013  .012 

.018 

.010 

.004 

.016 

10 

.125 

.200 

.009 

.011 

.016 

.015  .014 

.019 

.020 

.005 

.032 

10 

.200 

.  100 

.016 

.015 

.026 

.023  .023 

.033 

.023 

.017 

.040 

10 

.200 

.150 

.017 

.018 

.030 

.021  .020 

.028 

.015 

.009 

.029 

10 

.200 

.200 

.019 

.021 

.033 

.019  .019 

.026 

.020 

.008 

.034 
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.05 

.013 

.050 

.006 

.005 

.006 

.007 

.005 

.009 

.043  .014 

.05 

.013 

.083 

.005 

.004 

.005 

.004 

.003 

.004 

.071  ,012 

.05 

.013 

.250 

.010 

.009 

.012 

.017 

.014 

.024 

.085  .020 

.05 

.025 

.050 

.008 

.006 

.008 

.007 

.005 

.008 

.040  ,015 

.05 

.025 

.083 

.003 

.003 

.004 

.005 

.004 

.005 

.062  ,013 

.05 

.025 

.250 

.014 

.011 

.014 

.014 

.012 

.018 

.106  .020 

.05 

.040 

.050 

.009 

.006 

.009 

.005 

.004 

.006 

.026  ,010 

.05 

.040 

.083 

.003 

.003 

.005 

.003 

.002 

.004 

.027  ,006 

.05 

.040 

.150 

.007 

.008 

.011 

.011 

,010 

.015 

,184  ,010 

.05 

.040 

.250 

.015 

.017 

.023 

.014 

.012 

.018 

.104  .0i4 

.05 

.050 

.050 

.003 

.003 

.005 

.002 

.003 

.004 

.028  ,014 

.05 

.050 

.083 

.004 

.004 

.005 

.001 

.001 

.001 

.043  .012 

.05 

.050 

.150 

.003 

.003 

.004 

.005 

.005 

.008 

.100  .010 

.05 

.050 

.250 

.013 

.016 

.023 

.007 

.006 

.009 

.071  .011 

.05 

.063 

.050 

.002 

.002 

.003 

.003 

.003 

.004 

.021  .009 

.05 

.063 

.083 

.003 

.003 

.004 

.004 

.004 

.005 

.028  .007 

.05 

.063 

.  150 

.006 

.007 

.010 

.008 

.007 

.010 

.056  .007 

.05 

.063 

.250 

.016 

.017 

.025 

.011 

.009 

.013 

.087  .007 

.05 

.100 

.050 

.004 

.003 

.005 

.007 

.008 

.012 

.011  .005 

.05 

.  100 

.083 

.007 

.007 

.011 

.007 

.008 

.011 

.018  .006 

.05 

.  100 

.  150 

.010 

.012 

.018 

.009 

.008 

.011 

.035  .008 

.05 

.200 

.083 

.024 

.022 

.042 

.027 

.031 

.042 

.016  .007 

.05 

.200 

.  150 

.023 

.022 

.039 

.020 

.022 

.028 

.010  .004 

.05 

.200 

.250 

.021 

.021 

.036 

.010 

.013 

.016 

.046  .008 

.02 

.010 

.020 

.006 

.006 

.009 

.004 

.004 

.006 

.036  .016 

.02 

.010 

.040 

.008 

.006 

.008 

.012 

.010 

.015 

.074  .017 

.02 

.016 

.020 

.003 

.004 

.006 

.002 

.002 

.003 

.021  .008 

.02 

.016 

.040 

.003 

.002 

.003 

.007 

.005 

.008 

,044  .011 

.02 

.016 

.080 

.011 

.011 

.015 

!  .009 

.006 

.009 

.105  ,009 

.02 

.020 

.020 

.004 

.006 

.010 

.009 

.008 

,011 

.015  .008 

.02 

.020 

.040 

.006 

.009 

.013 

.009 

.011 

.016 

.024  .006 

.02 

.020 

.080 

.010 

.012 

.018 

.004 

,006 

.008 

.067  .007 

.02 

.025 

.020 

,006 

.004 

.007 

.005 

.006 

.008 

.015  .007 

.02 

.025 

.040 

,005 

,005 

.007 

,008 

.007 

.010 

.018  .005 

.02 

.025 

.080 

.011 

.011 

.016 

.008 

.008 

.011 

.038  .005 

.02 

.040 

.0201 

.005 

.004 

.006 

.007 

.008 

.011 

.011  .005 

.02 

.040 

.040 

.005 

.003 

.005 

.010 

.010 

,013 

.023  .007 

.02 

.040 

.080 

,010 

.009 

.014 

.008 

.008 

'.Oil 

.034  .006 

.02 

.080 

.020 

.011 

.006 

.011 

.014 

.014 

.020 

.013  .006 

.02 

.080 

.040 

.008 

.006 

.011 

,013 

.015 

.020 

.012  .005 

.02 

.080 

.080 

.012 

.009 

.015 

.012 

.014 

.018 

.018  .006 

.01 

.010 

.010 

.012 

.014 

.021 

.019 

.028 

.041 

.034  .012 

.01 

.010 

.020 

.016 

.021 

.031 

.022 

,025 

.036 

.064  .019 

.01 

.010 

.040 

.007 

.006 

.008 

.010 

.011 

.015 

.135  .020 

.01 

.013 

.010 

.008 

.006 

.009 

.008 

.007 

.010 

.030  .014 

.01 

.013 

.020 

.004 

.005 

.008 

.012 

.008 

.012 

.060  .018 

.01 

.013 

.040 

.009 

.007 

.010 

.013 

.011 

.015 

.077  .014 

,01 

.020 

.010 

.009 

.007 

.012 

.008 

.007 

.011 

.029  .017 

.01 

.020 

.020 

.005 

.004 

.006 

.012 

.010 

.014 

.051  .019 

.01 

.020 

.040 

.010 

.007 

.010 

.016 

.014 

.019 

.079  .018 

.01 

.040 

.010 

.047 

.062 

.108 

.005 

.005 

.007 

.079  .064 

.01 

.040 

.020 

.008 

.005 

.009 

.009 

.007 

.010 

.042  .020 

.01 

.040 

.040 

.008 

,006 

.009 

.012 

.010 

.013 

.058  .016 

.057 

.086 

.122 

.054 

.072 

.161 

.030 

.030 

.247 

.149 

.041 

.052 

.136 

.113 

.025 

.030 

.063 

.130 

.013 

.019 

.048 

.018 

.014 

.066 

.054 

,089 

.024 

.049 

,118 

.024 

.026 

.075 

.019 

.020 

.049 

.012 

.024 

.040 

.014 

.014 

.027 

,036 

.078 

.145 

.042 

.068 

.094 

.046 

.065 

.097 

.150 

.056 

.063 
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Table  3 


MICROSTRIP  T-JUNCTION  GEOMETRY 


W1  W2  W3 

Si:  S13  S33 


Fmean , 

Fmax, 

Fmaxr 

Fmean , 

Fm^uc, 

Fmaxr 

.20 

.  100 

.200 

.022 

.008 

.036 

.004  .003 

.005 

.015 

.013 

.025 

.20 

.200 

.200 

.013 

.005 

.016 

.037  .034 

.053 

.064 

.053 

.128 

.20 

.250 

.200 

.026 

.018 

.055 

.071  .069 

.103 

.138 

.080 

.233 

.  10 

.025 

.100 

.023 

.008 

.044 

.014  .012 

.023 

.027 

,025 

.038 

.  10 

.050 

.100 

.032 

.021 

.094 

.011  .011 

.018 

.023 

.019 

.039 

.  10 

.  100 

.100 

.010 

.006 

.019 

.004  .007 

.011 

.031 

.033 

.074 

.05 

.013 

.050 

.027 

.009 

.038 

.007  .008 

.014 

,017 

.016 

.028 

.05 

.025 

.050 

.021 

.010 

.034 

.005  .005 

.008 

,012 

.009 

.019 

.05 

.050 

.050 

.025 

.012 

.038 

.009  .009 

.013 

.026 

.011 

.029 

.05 

.  100 

.050 

.044 

.047 

.136 

.011  .022 

.033 

.034 

.019 

.061 

.02 

.010 

.020 

.034 

.013 

.044 

.011  .017 

.026 

.020 

.013 

.030 

.02 

.020 

.020 

.021 

.016 

.052 

.009  .011 

.017 

.039 

.025 

.066 

.02 

.040 

.020 

.016 

.012 

.032 

.009  .013 

.020 

.056 

.024 

.087 

.02 

.080 

.020 

.037 

.040 

.095 

.015  .019 

.027 

.133 

.034 

.185 

.01 

.010 

.010 

.027 

.015 

.045 

.020  .018 

.028 

.048 

.023 

.066 

.01 

.020 

.010 

.028 

.017 

.045 

.021  .017 

.025 

.063 

.028 

.110 

.01 

.040 

.010 

.039 

.033 

.077 

.009  .009 

.013 

.085 

.019 

.133 

S12 

S23 

S22 

Fmean, 

Fmax, 

Fmaxr 

Fmean, 

Fmax, 

Fmaxr 

.20 

.100 

.200 

.004 

.006 

.008 

.004  .003 

.005 

.022 

.008 

,036 

.20 

.200 

,200 

.016 

.014 

.019 

.037  .034 

.053 

.013 

.005 

.016 

.20 

.250 

.200 

.026 

.021 

.031 

,071  .069 

.103 

.026 

,018 

.055 

.  10 

.025 

.  100 

.007 

.008 

.010 

.014  .012 

.023 

.023 

.008 

.044 

,  10 

.050 

.  100 

.005 

.005 

.007 

.011  .011 

.018 

.032 

.021 

.094 

.10 

.100 

.100 

,012 

.023 

.032 

.004  .007 

,011 

.010 

.006 

.019 

.05 

.013 

.050 

.008 

.010 

.012 

.007  .008 

.014 

.027 

.009 

.038 

.05 

.025 

.050 

.007 

.009 

.012 

.005  .005 

.008 

.021 

.010 

.034 

.05 

.050 

.050 

.012 

.012 

.018 

.009  .009 

,013 

.025 

.012 

.038 

.05 

.  100 

.050 

.016 

.020 

.031 

.011  .022 

.033 

.044 

.047 

.136 

.02 

.010 

.020 

.016 

.016 

.022 

.011  .017 

.026 

.034 

.013 

.044 

.02 

.020 

.020 

.013 

.021 

.030 

.009  .011 

.017 

.021 

.016 

.052 

.02 

.040 

.020 

.011 

.015 

.023 

.009  .013 

.020 

.016 

.012 

.032 

.02 

.080 

.020 

.013 

.013 

.023 

.015  .019 

.027 

.037 

.040 

.095 

.01 

.010 

.010 

.009 

.009 

.013 

.020  .018 

.028 

.027 

.015 

.045 

.01 

.020 

.010 

.007 

.007 

.011 

.021  .017 

.025 

.028 

.017 

.045 

.01 

.040 

.010 

.017 

.027 

.048 

.009  .009 

.013 

.039 

.033 

.077 
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Table  4 


wi  W2  v;3 


Sll  S13  S33 


Fmean, 

Fmax, 

Fmaxr 

Fmean , 

Fmax, 

Fmaxr 

.20 

.  100 

.200 

.030 

.012 

.056 

.011 

.014 

.024 

.033 

.041 

.071 

1 

.20 

.  100 

.300 

.045 

.025 

.089 

.017 

.017 

.033 

.020 

.016 

.026 

.20 

.200 

.200 

.031 

.012 

.042 

.039 

.040 

.063 

.091 

.069 

.160 

.20 

.200 

.300 

.065 

.031 

.096 

.034 

.032 

.054 

.068 

.065 

,130 

.20 

.250 

.200 

.030 

.013 

.040 

.059 

.060 

.092 

.115 

.072 

.187 

.20 

.250 

.  300 

.029 

.016 

.046 

.053 

.048 

.081 

.097 

.081 

.182 

.  10 

.025 

.100 

.028 

.008 

.037 

.009 

.013 

.025 

.026 

.034 

.052 

.  10 

.025 

.  150 

.051 

.024 

.097 

.016 

.023 

.048 

.017 

.020 

,029 

.  10 

.025 

.200 

.080 

.050 

.158 

.041 

.043 

.099 

.033 

.036 

.053 

.  10 

.050 

.  100 

.035 

.023 

.104 

.006 

.006 

.009 

.025 

.038 

.068 

.  10 

.050 

.150 

.043 

.033 

.119 

.007 

.005 

.!J10 

.023 

.021 

.039 

.  10 

.050 

.200 

.067 

.054 

.157 

.013 

.017 

.037 

.034 

.036 

.062 

.  10 

.  100 

.100 

.026 

.012 

.043 

.008 

.013 

.021 

.055 

.054 

.118 

.  10 

.  100 

.150 

.044 

.019 

.062 

.007 

.008 

.015 

.043 

.050 

.098 

.  10 

.  100 

.200 

.052 

.024 

.068 

.010 

.010 

.018 

.038 

.044 

.077 

.  10 

.200 

.  150 

.028 

.021 

.054 

.012 

.010 

.016 

.039 

.025 

.075 

.  10 

.200 

.200 

.021 

.015 

.036 

.011 

.008 

.013 

.039 

.033 

.087 

.05 

.013 

.050 

.025 

.009 

.038 

.010 

.014 

.025 

.029 

.029 

.050 

.05 

.013 

.083 

.032 

.013 

.048 

.014 

.017 

.033 

.017 

.021 

.034 

.05 

.025 

.050 

.023 

.010 

.035 

.008 

.010 

.016 

.030 

.025 

.048 

.05 

.025 

.083 

1  .031 

.013 

.041 

.007 

.010 

.017 

.014 

.015 

,026 

.05 

.050 

.050 

.026 

.012 

.036 

.009 

.009 

.015 

.045 

.025 

,060 

.05 

.050 

.083 

.041 

.018 

.050 

.006 

.007 

.012 

.029 

.019 

.040 

.05 

.050 

.  150 

.046 

.027 

.063 

.010 

.010 

.019 

.038 

.035 

.064 

.05 

.100 

.050 

.026 

.019 

.054 

.009 

.011 

.016 

.029 

.015 

.048 

.05 

.100 

.083 

.025 

.019 

.051 

.010 

.012 

.019 

.029 

.029 

.077 

.05 

.100 

.150 

.026 

.025 

.059 

.011 

.014 

.025 

.036 

.043 

.088 

.05 

.200 

.083 

.039 

.038 

.079 

.019 

.029 

.044 

.120 

.030 

.159 

.05 

.200 

.150 

.036 

.034 

.066 

.018 

.022 

.037 

.044 

.017 

.063 

.02 

.010 

.020 

.035 

.014 

.046 

.013 

.021 

.033 

.033 

.023 

,052 

.02 

.010 

.040 

.041 

.017 

.048 

.015 

.021 

.036 

.026 

.022 

.043 

.02 

.010 

.080 

.044 

.025 

.059 

.024 

.022 

.043 

.031 

.027 

.047 

.02 

.020 

.020 

.020 

.017 

.053 

.010 

.012 

.019 

.035 

.026 

,070 

.02 

.020 

.040 

.022 

.019 

.053 

.014 

.017 

.028 

.034 

.033 

.076 

.02 

.020 

.080 

.031 

.028 

.065 

.017 

.014 

.028 

.039 

.028 

,057 

.02 

.040 

.020 

.016 

.013 

.035 

.010 

.010 

.015 

.051 

.024 

,087 

.02 

.040 

.040 

.018 

.018 

.046 

.008 

.011 

.017 

.038 

.030 

.088 

.02 

.040 

.080 

.037 

.038 

.080 

.012 

.012 

.023 

.035 

.024 

.056 

.02 

.080 

.020 

.032 

.026 

.061 

.024 

.027 

.039 

.118 

.024 

.140 

.02 

.080 

.040 

.030 

.028 

.061 

.018 

.021 

.032 

.067 

.022 

.089 

.02 

.080 

.080 

.036 

.039 

.077 

.020 

.019 

.032 

.057 

.028 

.084 

.01 

.010 

.010 

.028 

.015 

.046 

.021 

.020 

.031 

.055 

.026 

.075 

.01 

.010 

.020 

.035 

.023 

.062 

.027 

.021 

.034 

.061 

.030 

.077 

.01 

.010 

.040 

.056 

.077 

.186 

.029 

.023 

.040 

.075 

.087 

.189 

.01 

.020 

.010 

.027 

.016 

.042 

.019 

.015 

.022 

.062 

.023 

.087 

.01 

.040 

.010 

.037 

.033 

.076 

.006 

.008 

.011 

.077 

.017 

.121 

312 

S23 

S22 

Fmean, 

Fmax 

,  Fmaxr 

Fmean , 

Fm^^c, 

,  Fmaxr 

.20 

.  100 

.200 

.007 

.009 

.011 

.011 

.014 

.024 

.030 

.012 

.056 

.20 

.  100 

.  300 

.006 

.007 

.009 

.017 

.014 

.024 

.054 

.007 

.062 

.20 

.200 

.200 

.016 

.015 

.021 

.039 

.040 

.063 

.031 

.012 

.042 

.20 

.200 

.300 

.015 

.014 

.019 

.029 

.028 

.044 

.059 

.016 

,087 

.20 

.250 

.200 

.021 

.020 

.031 

.059 

.060 

.092 

.030 

.013 

.040 

.  20 

.250 

.  300 

.016 

.018 

.026 

.046 

.049 

.074 

.036 

.010 

.049 
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.  10 

.025 

.  100 
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14. 


COMPARISON  OF  THE  3-D  ANALYSIS  APPROACH  USED  BY  SFPMIC  AND  THE  SOE 
DISCONTINUITY  ANALYSIS  PROGRAM 


14.1.  VERIFICATION  OF  THE  DATABASES  USED  IN  MODELLING  WITH  THE  SOE  DISCONTI¬ 
NUITY  ANALYSIS 

To  check  the  SFPMIC  generated  S-parameter  databases  a  variety  of  representa¬ 
tive  configurations  were  simulated  using  the  SOE  based  analysis  software  (see 
Appendix).  Below  are  the  results  of  example  discontinuities. 

Open  End 

A  comparison  plot  was  generated  for  a  microstrip  open  end  simulated  on  a 
lOOum  thick  GaAs  substrate  situated  non-symmetrical ly  in  a  1.28  mm  square 
package.  As  can  be  seen  in  Fig.  14.1  the  S-parameters  generated  show  good 
agreement,  the  deviations  found  are  small. 

Gap 


For  the  gap  example  a  microstrip  gap  discontinuity  in  a  1  mm  square  package 
on  the  same  substrate  with  a  50um  gap  and  strip  widths  100|jm  was  analysed  by 
the  two  full -wave  analysis  programs.  The  results  are  shown  in  Fig.  14.2. 
Again  the  comparison  shows  the  deviation  is  of  the  same  order  as  the  errors 
achieved  in  the  discontinuity  model. 

Step 


A  symmetric  microstrip  step  discontinuity  was  investigated  with  the  line 
width  changing  from  100  microns  to  300  microns.  The  structure  is  embedded 
symmetrically  into  the  package  of  1  mm  x  1  mm.  The  frequency  range  of  the 
simulation  was  again  10  GHz  to  100  GHz.  The  comparison  is  shown  in  Fig.  14.3 
where  the  transmission  phases  are  plotted.  The  agreement  between  the 
compared  data  sets  are  good. 
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Fig.  14.1:  Open  end  SFPMIC,  SOE  analysis  comparison 
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Fig.  14.2;  Gap  SFPMIC,  SOE  analysis  comparison 
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90°  bend 


As  an  example  structure,  a  rectangular  microstrip  bend  of  line  width  100 
microns  was  simulated  for  a  GaAs-substrate  of  thickness  100  microns  embedded 
in  a  package  of  1mm  x  1mm.  The  simulated  frequency  range  was  10  GHz  to  100 
GHz.  Comparison  results  for  the  two  methods  are  given  in  Fig.  14.4  where  the 
reflection  and  the  transmission  coefficients  have  been  plotted.  The  results 
show  very  good  agreement. 

T-junction 


To  compare  the  two  analysis  methods  a  symmetric  microstrip  T-junction  with 
all  line  widths  of  100  microns  was  studied.  The  T-junction  was  simulated  on 
a  GaAs-substrate  of  thickness  100  microns  in  a  package  of  1.4  mm  x  1  mm. 

The  simulated  frequency  range  was  10  GHz  to  90  GHz.  The  phases  computed  by 
the  different  approaches  are  shown.  The  reflection  phases  of  port  one  (first 
port  of  the  through-line)  are  plotted  in  Fig.  14.5.  In  Fig.  14.6,  the 
transmission  phases  between  port  one  and  the  two  other  ports  two  and  three 
(second  port  of  the  through-line  and  port  of  the  stub-line)  are  plotted. 
Both  the  computed  reflection  and  transmission  phases  show  good  agreement  and 
confirm  the  validity  of  the  numerical  results  except  for  relatively  small 
discrepancies  probably  due  to  different  convergence  behaviour. 

14.2.  THE  STRENGTHS  AND  WEAKNESSES  OF  THE  SFPMIC  PROGRAM  AND  THE  SOE  BASED 
SOFTl^ARE 

The  program  SFPMIC  and  the  new  SOE  based  software  have  been  written 
independently.  Some  of  the  algorithms  and  methods  which  the  programs  are 
based  on  are  different.  Therefore,  the  two  approaches  have  different 
properties  in  some  respects.  Investigations  have  revealed  the  strong  and 
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weak  points  of  both  approaches.  This  is  important  in  judging  the  consistency 
and  quality  of  the  data  bases  generated  and  used  for  the  development  of 
analytical  models. 

The  main  advantage  of  the  discontinuity  modules  is  the  application  of  the  SOE 
(spectral  operator  expansion)  method.  The  SOE-method  allows  substantial 
speed-up  in  frequency-dependent,  broad  band,  discontinuity  computations. 
Comparisons  have  shown  that  the  SOE-initialisation  takes  about  3  times  the 
CPU  time  taken  in  the  computation  of  a  single  frequency  point  using  the 
technique  of  SFPMIC.  However,  this  initialisation  has  to  be  performed  only 
once  per  structure.  Following  frequency  points  can  be  computed  then  within 
1/1000  to  1/100  of  the  CPU  time  required  for  the  computation  of  the  first 
frequency  point.  This  advantage  of  the  SOE  method  becomes  apparent  if  an 
analysis  is  required  for  more  than  4  frequency  points. 

The  main  advantage  of  the  program  SFPMIC  lies  in  the  application  of  the  local 
function  method.  This  method  is  based  on  the  pre-computation  of  the 
feed-strip  modes  and  the  consecutive  use  in  their  3-dimensional  analysis  as  a 
part  of  the  system  of  expansion  functions.  This  results  in  a  comparatively 
low  number  of  unknowns  for  which  the  system  matrix  has  to  be  generated.  This 
keeps  the  amount  of  CPU  time  required  also  reasonably  low.  However,  it  is 
not  possible  to  apply  the  SOE  method  to  such  a  system  of  expansion  functions 
in  order  to  combine  the  advantages  of  the  two  concepts.  As  to  the  numerical 
stability  of  the  discontinuity  SOE  software  as  compared  tc  the  SFPMIC 
program,  the  following  has  been  found. 

Whilst  the  numerical  stability  of  the  new  modules  in  total  is  better  than 
that  of  SFPMIC,  it  was  found  to  be  certainly  lower  in  the  vicinity  of  package 
resonances.  This  is  a  consequence  of  the  local  function  method  and  the 
associated  relatively  low  number  of  expansion  functions  used  in  SFPMIC.  On 
the  other  hand,  the  system  of  functions  chosen  in  the  SOE  approach  and  the 
different  method  of  S-parameter  extraction  applied  along  with  this,  provides 
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improved  stability  (as  originally  expected)  in  the  quasi -static  and 
intermediate  region  below  resonances.  In  the  frequency  range  near 
resonances,  SFPMIC  still  gives  good  results  when  the  discontinuity  modules 
suffer  from  ill -conditioning  of  the  discretised  (matrix)  operator. 

As  a  conclusion,  to  cover  the  full  range  of  frequencies  of  interest,  it  is  an 
advantage  to  have  both  approaches  available  for  data  base  generation. 
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15. 


CONCLUSION 


This  work  has  shown  that  systematic  models  can  be  developed  to  describe  the 
electrical  behaviour  of  GaAs  discontinuities  up  to  60  GHz.  The  physics 
related  modelling  approach  can  be  used  to  describe  the  microstrip  and  first 
package  LSM  mode  and  their  interaction  at  the  discontinuity. 
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1. 


SPECTRAL  OPERATOR  EXPANSION  APPROACH  TO  DISCONTINUITY  ANALYSIS 


1.1  THEORETICAL  AND  ANALYTICAL  CONSIDERATIONS  IN  THE  DEVELOPMENT  OF  THE 
IMPROVED  FULL-WAVE  APPROACH 

Although  the  fundamental  mathematical  problems  have  been  solved  in  SFPMIC,  in 
order  to  generate  quickly  step,  bend  and  T-junction  data  a  more  efficient 
approach  was  needed.  For  this  reason,  theoretical  investigations  were 
carried  out  to  apply  the  SOE  (spectral  operator  expansion)  method.  This 
approach  should  increase  the  computational  speed  of  20... 50  as  compared  to 
SFPMIC.  Fig.  Al.l  shows  the  current  state  for  the  analysis  of  step 
structures . 


Fig.  Al.l:  Schematic  of  T-junction  structure 

Compared  to  the  present  SFPMIC  approach,  a  wider  region  B  around  the 
discontinuity  needs  to  be  described  by  nonmodal  expansion  functions,  i.e.  the 
method  no  longer  contains  the  precomputed  TL  elements.  The  reason  for  this 
is  that  the  transmission  line  elements  depend  directly  on  ,  the  modal 
propagation  constants  associated  with  the  fundamental  modes  on  the  feed 
strips  complicating  the  usage  of  the  SOE  by  their  direct  frequency 
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dependence.  Precomputed  transmission  line  functions  are  now  used  only  in  the 
A  regions  where  a  modal  representation  of  the  field  is  applied.  The  respec¬ 
tive  transmission  line  data  can  be  generated  by  a  transmission  line  package 
which  is  already  available  and  needs  only  to  be  modified  and  updated. 

The  SOE  method  as  applied  to  the  hybrid-mode  problem  of  multiply  coupled-MIC 
transmission  lines  provides  the  possibility  of  enhancing  the  computational 
speed  and  accuracy  of  3D-discontinuity  problems.  Application  of  the  SOE, 
however,  requires  that  the  expansion  functions  in  a  wider  region  near  the 
discontinuity  of  interest  do  not  depend  on  the  operating  frequency  thus 
forbidding  the  use  of  precomputed  transmission  line  distributions.  Tliis 
dictates  that  the  discontinuity  region  (Figure  Al.l)  has  to  be  restricted  in 
size  as  much  as  possible  in  order  not  to  end  up  with  a  very  high  number  of 
expansion  functions.  The  consequence  is  that  the  modal  wave  amplitudes 
cannot  be  extracted  from  the  field  in  region  B,  but  only  from  the  modal 
solution  obtained  for  region  A.  In  addition,  the  source  formulation  has  to 
be  placed  into  region  A  and  has  to  be  chosen  in  such  a  way  that  it  does  not 
introduce  a  disturbance  of  the  boundary  conditions  required  to  be  satisfied 
by  each  transmission  line  mode.  Such  a  disturbance  is  a  disadvantage  of  the 
present  SFPMIC  approach  in  which  a  sufficiently  long  transmission  line 
section  has  to  be  placed  between  the  planar  sources  (impressed  current 
density  distributions)  and  the  discontinuity  region.  The  only  way  to  avoid 
such  disturbances,  but  nevertheless  to  obtain  a  source  formulated  solution, 
is  to  use  precomputed  modes  coming  from  infinity  to  excite  tne  structure  of 
interest.  The  price  paid  for  such  use  of  source  functions  (having  infinite 
support)  is  the  high  testing  time.  As  a  result  one  of  the  main  requirements 
was  to  study  the  possibility  of,  and  develop,  the  mathematical  methods  which 
form  a  best  compromise  between  or  satisfy  all  of  the  aspects  mentioned  above. 
Two  possible  methods  were  developed  and  studied,  one  of  which  was  in  terms  of 
a  discrete  and  the  other  in  terms  of  a  continuous  spectrum  of  the  electro¬ 
magnetic  field. 
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1.1.1.  Continuous  Spectrum  Formulation 

The  geometry  of  a  discontinuity  in  a  package  is  shown  below  in  Fig.  A1.2. 


The  continuous  version  was  studied  in  detail  taking  into  account  all 
necessary  steps  to  arrive  at  a  final  set  of  equations  which  can  be  solved 
numerically.  Due  to  the  properties  of  the  Fourier  transforms  with  respect  to 
the  y-di recti  on  the  field  quantities  can  be  processed  elegantly  to  yield  a 
spectral  relation  between  the  electric  flux  density  in  the  plane  of  the  strip 
conductors  and  the  associated  surface  current  density.  This  is  equivalent  to 
an  integral  operator  equation  in  the  space  domain,  mapping  the  surface 
current  density  into  the  electric  field  tangential  to  the  metallisation 


pattern.  One  of  the  advantages  of  this  formulation  is  that  the  current 
density  can  be  defined  piecewise  in  the  space  domain  without  violating 
continuity  conditions.  This  prevails  because  is  not  used  in  the  analytical 
process  of  setting  up  the  equations,  but  ,  its  Fourier  transform. 
Accordingly,  the  introduction  of  discrete  mode  functions  (precomputed)  in  the 
space  regions  A  outside  of  the  discontinuity  region  B  is  possible  in  a 
straightforward  manner. 

In  view  to  applying  the  SOE  technique,  nevertheless,  it  is  a  problem  that  the 
prevailing  operator  is  of  infinite  range,  i.e.  it  encounters  all  current 
density  contributions  in  the  range  -®<y<<=.  Though  any  test  functions  used  in 
the  numerical  evaluation  of  the  problem  may  be  restricted  to  the  disconti¬ 
nuity  region  B,  o<y<b  (chosen  large  enough)  the  expansion  in  terms  of  modes 
in  B  introduces  spectral  contributions  of  the  form 

t(ky)  =  l/(j(k^-0^.)]  =  l/(j(l<ykg/eg^^.)), 

where  j  is  the  imaginary  unit  and  the  propagation  constant  of  the  ith 
discrete  mode  encountered  at  one  of  the  reference  planes  y  =  0  or  y  =  b  (Fig. 
A1.2).  This  is  a  relatively  simple  mathematical  form  and  can  be  expanded  in 
principle,  in  terms  of  frequency.  However,  it  complicates  the  application  of 
SOE,  The  SOE  can  be  applied  efficiently  if  only  the  operator  depends  on 
frequency  and  the  expansion  functions  and  the  test  functions  used  do  not. 

The  alternative  of  splitting  off  the  associated  discrete  mode  poles  k^p^-  =  p^- 
from  the  integral  operator  has  also  been  studied.  Tbis  leaves  the  problem  of 
subtracting  the  associated  residues  from  the  integrand  and  results  in  a  form 
where  the  p^. -dependence  is  still  not  removed  from  the  analytical  formulation 
(numerically  it  is).  For  that  reason,  SOE  in  conjunction  with  the  continuous 
spectrum  version  is  possible  in  principle  but  requires  a  relatively  high 
amount  of  analytical  manipulation  and  preparation  cf  the  numerical  algorithm 
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without  achieving  its  full  efficiency.  A  comparison  between  the  individual 
steps  to  be  performed  for  the  continuous  spectral  formulation  and  for  the 
discrete  spectral  version  exhibits  an  advantage  of  the  latter  as  far  as 
application  of  the  SOE  is  concerned.  This  is  because  in  the  discrete 
formulation  the  operator  is  defined  with  finite  support,  i.e.  over  the  range 
0<y<b  onlj,  ,  for  which  the  construction  of  frequency-independent  expansion 
functions  is  found  to  be  easier. 

1.1.2.  Discrete  Spectrum  Formulation 


For  the  discrete  spectrum  formulation  the 
represented  by 

*i  =  S  fi  V’  " 

‘i  =  S  fi  V’  * 

where  (ii,  41  =  wave  potentials. 


el ectromagnetic 


field  can  be 


The  discrete  method  was  followed  through  all  its  structural  mathematical 
details  to  arrive  at  a  solution  required  to  formulate  a  computer  program. 
The  way  followed  in  order  to  satisfy  all  of  the  outlined  requirements,  is  a 
modified  mode  matching  technique  applied  to  the  planes  y  =  0  and  y  =  b  using 
precomputed  transmission  line  solutions.  The  continuity  conditions  arising 
can  be  fitted  into  the  system  of  equations  for  region  B's  boundary  conditions 
by  implementing  a  special,  additional  set  of  expansion  functions.  The 
structure  of  a  computer  program  based  on  this  formulation  is  very  similar  to 
that  of  the  existing  SFPMIC  program.  The  main  difficulty  is  to  obtain  an  em 
field  expansion  having  completeness  in  the  cl osed  interval  0<y<b  instead  of 
the  open  interval  0<y<b  and  which  simultaneously  satisfies  orthogonality  in 
order  to  efficiently  process  the  start  equations.  The  closed  interval 
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properties  are  required  for  mode  matching  at  y  =  0,  y  =  b.  Some  computer 
tests  have  been  made  to  study  the  required  completeness  properties  using 
elementary  examples.  The  closedness  problem  can  be  avoided  by  the  use  of  the 
continuous  spectrum  formulation  shown  above,  the  price  being  a  higher 
analytical  complexity  in  evaluating  and  processing  the  start  equations.  Two 
possible  ways  of  introducing  the  discrete  exciting  (or  reflected  and 
transmitted)  modes  have  been  investigated  for  this  method:  subdivision  of  the 
spatial  counterparts  of  the  spectral  functions  c.  and  splitting 

of  associated  discrete  mode  poles  from  the  integral  representations  in  terms 
of  ky. 

The  problem  of  achieving  completeness  for  the  closed  interval  0<y<b  in  case 
of  the  discrete  formulation  has  been  overcome  by  redefining  the  region  B  as  a 
subregion  of  this  interval.  The  reference  planes,  say  RPl  and  RP2,  now  are 
not  allowed  to  coincide  with  y  =  0  or  y  =  b,  the  boundaries  of  the  interval. 
RPl  and  RP2  are  chosen  near  y  =  0,  y  =  b  in  the  interior  of  the 
interval,  sufficiently  distant  from  its  boundaries  in  accordance  with 
numerical  considerations  and  the  specified  spatial  resolution.  The  discrete 
formulation  can  even  be  simplified  with  that  choice  as  compared  to  the 
original  description  (i  denotes  the  dielectric  layer,  i  =  1  or  i  =  2  here): 
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A  continuation  of  the  current  density  expansion  beyond  RPl  and  RP2  can  be 
constructed  in  the  subintevals  OxycylRPl)  and  y(RP2)<y<b  which  has  some  modal 
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character,  but  does  not  depend  on  frequency,  at  least  not  in  its  y--dependent 
factor.  The  description  of  the  algorithm  developed  follows,  the  expansion 
function  continuation  playing  a  role  similar  to  the  source  distributions  in 
the  SFPMIC  program  used  for  discontinuity  analyses. 

1.2.  BRIEF  DESCRIPTION  OF  THE  MATHEMATICAL  ALGORITHM  AND  ITS  ASSOCIATED 
CHARACTERISTICS 

From  the  discrete  spectrum  description  for  the  LSM  and  LSE  wave  potentials 
the  associated  electric  and  magnetic  field  components  have  been  derived 
analytically  also  the  continuity  of  the  tangential  electric  field  E^  at  the 
substrate  surface  has  been  introduced  as  an  analytical  expression.  The 
surface  current  density  distribution  representing  the  strip  conductor 
pattern  has  then  been  introduced  as  the  discontinuity  of  the  tangential 
magnetic  field  at  the  dielectric  interface.  In  symbolic  form  this  results  in 
the  operator  equation, 

=  0,  for  X,  y  on  conductors  (1) 

The  subscript  xy  indicates  that  the  respective  operation  is  in  the  plane  of 
the  substrate.  is  expanded  over  the  range  y( RPl )<y<y( RP2)  using 
frequency-independent  expansion  functions  (the  frequency-dependence  is  in  the 
weighting  coefficients).  A  continuation  of  was  formulated  into  the 
complementary  subintervals  0<y<y(RPl}  and  y(RP2)<y<b.  Tliis  is  described  in 
its  simplest  form  as  a  constant  for  the  longitudinal  current  density 
component  and  a  linear  function  of  y  for  the  transverse  component.  Its 
choice  is  not  critical.  In  its  x-dependency  it  may  be  chosen  as  a  normalised 
precomputed  mode  distribution,  however,  from  an  investigation,  this  does  not 
seem  to  be  a  necessary  choice  (expansion  function  elements  (i;(x)  as  used  for 
mode  computations  should  be  sufficient  as  well,  which  eases  the  SOE 
procedure) . 


.282. 


Because  of  the  SOE  requirements,  the  wave  amplitudes  at  the  chosen  reference 
planes  can  no  longer  be  extracted  directly  from  the  expansion  (does  not 
contain  'modes').  Instead,  they  are  derived  from  transverse  testing,  i.e. 
via  the  continuity  conditions  enforced  at  the  reference  planes  RPl  and  RP2 
for  the  electric  field  and  the  magnetic  field  in  the  xz-plane 

(transverse  to  the  feed  lines).  The  respective  continuity  equations  are  of 
the  form 

J  at  RPl,  RP2  (2) 

with  the  subscript  k  specifying  relationship  of  the  kth  mode  propagating 
through  RPl  and  RP2  (precomputed).  In  symbolic  operator  notation  this  reads 
as 


L 


xz 


xz 


.  b 


(3) 


where  a,  comprises  a  set  of  mode  excitation  amplitudes  and  b,  is  the 
associated  set  of  scattered  mode  amplitudes.  ^xz  linear 

operators  mapping  the  total  current  density  expansion  J^,  existing  in  the 
xy-plane  into  the  field  components  in  the  transverse  xz-plane.  The  dimension 
of  a  and  b  is  the  same  and  corresponds  to  the  number  of  modes 
incident/reflected  from  the  considered  discontinuity.  An  equal  number  of 
continuation  functions  is  contained  in  the  expansion  leading  to  a 
consistent  deterministic  system  when  eq.  (1)  and  (2)  are  combined.  The 
structure  of  the  final  system  of  equations  is 
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The  L  ]  brackets  indicate  the  operation  of  testing  with  suitable  test 

functions.  From  a  and  b  the  scattering  matrix  can  be  constructed.  is 

.  ^  ^  b 

SOE  compatible  without  restriction.  By  suitable  normalisation  T”  and  T 

X  ^  X  ^ 

become  unit  matrices.  The  term  'cont.'  in  eq.  (4)  denotes  the  position  o  f 
the  continuation  terms  in  the  system  matrix.  The  only  difficulty  for  the  SOE 
technique  is  that  L^,  and  exhibit  a  weak  frequency-dependence  stemming 
from  the  testing  of  eq.  (2)  with  normalised  modal  field  distributions  in  the 
transverse  xz-plane.  This  cannot  be  avoided  whatever  the  formulation  since 
it  is  a  consequence  of  the  mode  amplitude  exaction  process.  The  next  step  of 
the  investigation  is,  therefore,  to  consider  a  suitable  SOE  scheme  for  this 
situation.  A  not  very  restrictive  alternative  is  to  constrain  the  SOE  to  the 
y-dependent  portion  of  the  respective  operations. 

The  problem  of  applying  the  spectral  operator  expansion  technique  to  the 
portions  [L^^]  C^xz^  system  matix  is  still  open.  Because  the 

operators  L  and  M  are  related  to  the  transverse  field  distributions  of 

X  ^  X 

modes  on  the  feed  line(s)  of  a  discontinuity,  they  are  frequency  dependent  in 
a  form  which  makes  application  of  the  SOE  difficult.  This  problem  has  been 
overcome  now  in  the  following  way: 
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where  A  and  B  denote  the  field  regions  adjacent  to  RPl,  RP2.  the 

transverse  current  distribution  of  mode  k,  with  expansion  functions  j^^.  The 
requirement  of  continuity  through  the  reference  planes  and  the  associated 
procedure  of  testing  with  the  transverse  mode  distributions  e^j^  and  h^j^, 
respectively,  leads  to; 


Here,  the  orthogonality  of  the  modes  has  been  used  and  the  linear  property  of 
the  operators.  The  system  matrix  elements  [^^^i  t^xz^i  which  the 
final  scalar  products  [L]  and  [M],  can  be  constructed  by  a  summation  over  a 
small  number  i  of  terms  are  suited  fcr  application  of  the  SOE.  The  original 
frequency  dependence  of  the  applied  modes  is  now  essentially  in  the 
mode-related  weighting  coefficients  which  are  precomputed  as  a  2D 
solution  previous  to  the  3D  discontinuity  treatment  and  stored  in  a  look-up 
table.  This  is  achieved  by  the  software  MSMODES  not  developed  under  this 
contract,  which  performs  a  modal  analysis  for  the  feed  lines  including  higher 
order  modes  needed  to  describe  ID  radiation  effects.  This  software  uses  a  2D 
SOE  technique  and  allows  stable  mode  computations  with  high  spectral 
resol ution. 
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2. 


STUDY  OF  THE  CURRENT  DENSITY  EXPANSION  FUNCTIONS 


In  order  to  satisfy  the  strip  boundary  and  current  continuity  conditions, 
such  as  in  the  step  and  T-junction  discontinuities,  two  types  of  functions 
were  studied  and  used.  All  of  these  functions  are  separable  with  respect  to 
the  X-  and  y-directions  and  are  formulated  as  products. 

e{  x) . f{y) 

to  form  current  density  expansion  functions.  These  two  function  types  are 
used  in  different  situations,  the  first  whenever  a  tangential  or  normal 
current  behaviour  is  required  at  a  boundary,  the  second  piecewise  defined 
representing  the  current  in  the  metallisation  inner  regions. 

2.1.  CURRENT  DENSITY  BOUNDARY  EXPANSION  FUNCTIONS 

A  pictorial  representation  of  the  basic  function  elements  used  in  setting  up 
the  2D  expansion  function  sets  is  given  below  in  Fig.  A2.1. 


Fig.  A2.1:  Maxwell  term  expansion  functions 


Such  function  elements  are  defined  over  subregions  of  the  total  field  region. 
Depending  on  whether  the  boundaries  of  these  subregions  are  interior 
(artificial)  or  actual  conductor  boundaries  and  where  the  current  density 
component  described  is  tangential  or  normal  to  the  respective  boundary,  the 
proper  boundary  behaviour  can  be  realised  by  suitable  combinations  of  the 
shown  elements.  The  order  of  behaviour  -c  describing  the  vanishing  or 
singularity  at  the  subregion  boundaries  are  chosen  by  -c  =  -1/2,  0,  1/2,  1  ... 
by  multiplication  of  elements  (up  to  3  factors).  While  the  outlined 
principle  of  construction  applies  only  to  one  of  the  co-ordinates  x,y  the  2D 
expansion  functions  result  again  from  multiplication  of  the  x  and  y  dependent 
terms.  All  spectral  domain  coefficients  can  be  evaluated  analytically, 
resulting  in  high  numerical  stability  (avoiding  FFT  algorithms).  The 
advantage  of  the  piecewise  modified  harmonic  scheme  compared  to  a  regular 
grid  type  expansion  is  a  low  number  of  expansion  terms  even  in  cases  of 
large  conductor  width  ratios  and  for  small  coupling  gaps. 

2.2.  INNER  CURRENT  DENSITIES  EXPANSION  FUNCTIONS 

Three  types  of  piecewise  expansion  functions  were  put  forward  to  describe  the 
inner  regions  of  the  surface  current  density  on  the  conductor  metallisation. 
These  were  bell,  triangle-shaped  and  sinus  functions.  Their  properties  are 
given  below. 

(a)  Bell -shaped  expansion  functions 

The  bell-shaped  expansion  functions  are  constructed  using  a  square  cosine- 
function.  Fig.  A2.2  shows  the  graphical  representation  of  the  ID  bell-shaped 
expansion  function  element.  The  2D  form  follows  by  element  combination. 

These  bell -shape  expansion  functions  are  combined  using  an  overlapping  scheme 
where  the  bell -shapes  overlap  with  a  length  of  half  the  subregion.  At  the 
ends  0^  each  subregion  both  the  function  value  and  the  first  derivative  of 
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the  bell -function  vanishes.  In  the  middle  of  the  subregion  the  function 
value  reaches  its  maximum,  the  first  derivative  vanishing  at  this  point. 


Fig.  A2.2:  Bell  shaped  expansion  finder 

Using  the  above  combination  scheme,  such  a  set  of  expansion  functions  is 
capable  of  generating  a  straight  line.  However,  the  first  derivative  will 
always  vanish  at  the  interface  of  the  two  expansion  areas  due  to  the 
overlapping  scheme.  Therefore,  a  smooth  linearly  increasing  function  cannot 
be  represented  without  showing  ripple  taking  the  form  of  a  smoothed  staircase 
function. 

(b)  Triangle-shaped  expansion  functions 

The  triangle-shaped  expansion  functions  are  constructed  by  2  straight  lines. 
Fig.  A2.3  shows  the  graphical  representation  of  the  ID  triangle-shaped 
expansion  function.  The  2D  form  is  a  bilinear  (pyramidal)  element  the 
surfaces  of  which,  however,  are  not  true  planes. 
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Fig.  A2.3:  Triangle  shaped  expansion  function 

These  triangle-shape  expansion  functions  are  again  combined  using  an  overlap 
(overlap  of  a  length  of  half  the  subregion).  At  the  ends  of  the  sub-sections 
the  function  value  vanishes  but  not  the  first  derivative.  In  the  middle  of 
the  subsection  the  function  value  reaches  its  maximum.  A  first  derivative 
does  not  exist  at  this  point  (but  ft  can  exist  for  the  overlapping  elements). 
However,  because  this  type  of  piecewise  defined  function  is  capable  of 
approximating  continuous  functions  in  a  piecewise  linear  manner,  convergence 
for  an  increasing  number  of  elements  can  be  obtained  together  with  a  well- 
behaved  derivative.  (Note  that  these  functions  are  not  used  directly  but 
only  their  truncated  spectral  representations  are  used,) 

(c)  Piecewise  sinusoidal  expansion  functions 

Such  sinus-shaped  expansion  functions  are  constructed  using  the  half  of  a 
period  of  a  sine-wave.  Fig.  A2.4  shows  the  graphical  representation  of  the 
ID  sinus-shaped  expansion  function.  The  2D  form  follows  by  the  usual 
combination  of  ID  elements. 
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Fig.  A2.4:  Sinus  expansion  function 

Two  different  overlapping  schemes  were  used  for  the  combination  of  the 
sinus-shaped  expansion  functions  (overlap  of  a  length  of  half  and  of  a  third 
of  the  subsections).  At  the  expansion  sub-sections'  ends  the  function  value 
of  the  si/ius-shape  vanishes  but  not  the  first  derivative  (as  in  the  case  of 
the  triangles).  In  the  middle  of  each  subsection  the  function  value  reaches 
it  maximum  and  the  first  derivative  vanishes. 

2.2.1.  Investigation  of  the  Piece-Wise  Expansion  Functions 

These  three  piece-wise  functions  were  studied  for  their  capabilities  to  form 
continuous  modal  current  density  distributions.  The  functions  defined  over 
certain  subregions  of  the  conductor  metallisation  in  conjunction  with  those 
satisfying  the  boundary  conditions  were  mutually  overlapped  to  constitute  the 
larger  subregions  chosen  for  harmonic  functions  behaviour. 

2.2.2.  Expansion  Function  Grid  Pattern  Tests 


A  variety  of  tests  were  made  in  which  a  comparison  between  piece-wise  defined 
functions  in  a  quadratic  grid  and  a  rectangular  grid  was  carried  out,  to  see 
the  effect  of  a  non-equal  discretisation  with  respect  to  the  two  co-ordinates 
X,  y.  From  theory  and  from  past  investigations  with  spectral  domain 
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solutions,  equal  maximum  spatial  resolution  was  found  to  be 

particularly  important,  if  conductor  corners  occur  in  the  discontinuity 
geometry.  TVie  reason  for  this  is  that  the  singular  field  near  a  90°  corner 
acts  as  the  source  of  a  local  radial  wave.  This  wave  can  be  described  by 
cartesian  constituents  if  certain  point  symmetry  conditions  are  satisfied 
(suitable  pairs  of  k  ,  k  exist).  Test  computations  revealed  that  this 

A  111  J"  '  • 

condition  is  satisfied  for  an  applied  quadratic  grid. 

2.2.3.  Expansion  Function  Study  of  the  Microstrip  Open  End 


As  a  test  case  to  determine  the  quality  and  suitability  of  the  expansion 
functions  a  near  full  wavelength  open  end  resonator  was  simulated.  The 
simulated  structure  was  a  rectangular  conductor  shape  (length=1.8mm, 
width  =  0.2mm)  on  lOOtim  GaAs  symmetrically  embedded  into  a  package 
(length=1.95mm,  wi dth=0. 5mm) ,  The  analysis  was  done  at  50  GHz.  The 
solutions  of  the  3-D  electromagnetic  simulations  were  computed  with  a 
spectral  resolution  which  was  high  enough  to  represent  the  expansion 
functions  accurately.  Eight  expansion  functions  were  chosen  over  the  length 
of  the  resonator  and  two  over  the  width  in  the  inner  conductor  regions.  A 
microstrip  mode  related  source  distribution  previously  described  was  used, 
and  also  the  same  conductor  boundary  terms. 

The  longitudinal  current  distribution  was  computed  and  plotted  in  the  metal¬ 
lisation  plane.  These  plots  allowed  the  advantages  and  weaknesses  of  the 
expansion  functions  and  the  general  mathematical  behaviour  of  the  expansion 
functions  to  be  considered. 

Fig.  A2.5  shows  the  longitudinal  current  distribution  using  the  bell -shaped 
expansion  functions.  The  obvious  ripple  visible  on  the  edge  of  the  expansion 
areas  is  a  characteristic  of  this  type  of  expansion  function. 
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g.  A2.5:  Open  end  longitudinal  current  distribution:  bell  shaped 
functions 


A2.7:  Open  end  longitudinal  current  distribution:  sinus  shaped 
functi ons 
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The  same  current  distribution  using  the  triangle-type  expansion  functions  is 
shown  in  Fig.  A2.6.  The  piecewise  linear  behaviour,  characteristic  for  this 
type  of  expansion  functions  is  clearly  visible. 

On  testing  both  overlapping  schemes,  the  set  of  sinus-shaped  expansion 
functions  was  found  incapable  of  generating  a  straight  line.  In  both  cases 
only  lines  with  ripple  can  be  generated.  The  first  derivative  was  not 
continuous  at  the  interface  points.  Detailed  study  showed  that  a  smooth 
function  representation  can  be  obtained  only  in  problems  for  which  the 
operator  is  sufficiently  well  behaved. 

Fig.  A2.7  shows  the  longitudinal  current  distribution  using  the  sinus- type 
expansion  functions  (using  the  half-length  overlapping  scheme).  Obviously 
the  solution  is  not  comparable  in  quality  to  the  previous  two  cases.  Several 
other  tests  showed  that  the  sinus-type  expansion  functions  are  not  well 
suited  for  the  type  of  current  expansion  needed. 

As  a  result  of  this  study  only  the  triangle-  and  the  bell -shaped  expansion 
functions  were  found  to  be  well  suited  for  the  discontinuity  TL  feed  regions. 
The  triangle-type  expansion  functions  were  chosen  for  further  use  in  the  3-D 
electromagnetic  field  discontinuity  modules,  because  the  triangl e-type 
expansion  functions  do  not  have  the  first  derivative  fixed  at  zero  at  the 
common  point  between  two  sub-sections. 

2.2,4.  Expansion  Function  Study  of  the  Microstrip  Gap 

Having  completed  the  examination  of  the  3-D  electromagnetic  analysis  for  the 
open-end  discontinuity  the  gap  discontinuity  was  then  studied.  The  main 
difference  between  these  two  discontinuities  is  that  the  microstrip-gap  is  a 
two-port  device  which  needs  independent  source  excitation  states  for  its 
complete  characterisation.  The  source  open-end  discontinuity  expansion 
functions  were  also  used  for  the  gap. 
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The  structure  simulated  as  an  example,  consists  of  two  microstrip  lines 
{0.2mm  wide)  on  a  lOOum  thick  GaAs-substrate .  The  spacing  of  the  coupling 
gap  between  the  two  lines  is  50um.  The  line  lengths  are  0.95mm 
(corresponding  to  half  the  wavelength)  and  0.75mm.  The  two  independent 
excitaiion  states  of  the  two  sources  used  in  the  analysis  were  chosen  such 
that  one  source  is  switched  on,  the  other  switched  off  and  vice  versa. 

Fig.'  A2.8  shows  the  longitudinal  current  distribution  of  the  simulated 
gap-structure.  Note  that  this  particular  plot  shows  the  excitation  state  in 
which  the  source  on  the  right  hand  microstrip  line  is  switched  off  and  the 
left  hand  source  on  the  line  switched  on.  From  the  results  it  is  obvious 
that  there  is  strong  coupling  from  the  excited  strip  to  the  other.  The  large 
amplitude  on  the  non-excited  strips  is  due  to  the  fact  that  its  length  is 
about  a  half-wavelength. 

Fig.  A2.9  shows  the  longitudinal  current  distribution  of  the  second 
excitation  state  where  the  right  hand  source  on  the  microstrip  line  is 
switched  on  and  the  left  hand  source  on  the  line  is  switched  off.  The 
amplitude  on  the  non  excited  line  in  this  case  is  much  smaller  than  in  the 
first  case,  since  the  strips  length,  0.75mm,  is  far  away  from  a  resonance 
condi tion. 

2.3.  SOURCE  REPRESENTATIONS  FOR  IMPROVED  3-0  SOLUTION  QUALITY 

During  investigations  on  the  quality  of  the  3-0  solutions  different  types  and 
systems  of  expansion  functions  were  studied.  It  has  become  obvious  that  the 
link  between  different  types  of  expansion  functions  and/or  between  different 
subregions  is  an  important  factor.  The  most  important  points  in  this  context 
are  the  values  of  the  expansion  functions  on  their  subregion  boundaries  and 
their  respective  derivatives.  The  influence  of  the  first  derivative 
especially  has  been  investigated  and  was  found  to  be  very  important  for  the 
quality  of  the  solution. 
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Investigations  have  been  made  in  order  to  achieve  a  smooth  transition  between 
the  source  region  and  the  metallisation  area.  The  current  distribution  is 
impressed  over  the  source  region  and  expansion  functions  suitable  for  the 
representation  of  the  current  density  are  defined  over  the  metallisation 
area.  The  amplitudes  of  these  expansion  functions  are  determined  during  the 
solution  of  the  3-D  electromagnetic  field  problem. 

To  obtain  the  smooth  transition  into  the  feed  strip(s),  different  types  of 
source  functions  were  considered,  the  type  of  source  function  used  being 
compatible  with  the  type  of  expansion  functions  in  order  to  avoid  disconti¬ 
nuities  in  the  solutions.  The  transverse  behaviour  of  the  source  expansion 
functions  was  chosen  to  be  the  Maxwell -term  which  gives  a  good  representation 
of  the  fundamental  microstrip  mode. 

The  first  source  tapering  function  investigated  was  a  squared  cosine- 
function.  Fig.  A2.10  shows  the  longitudinal  dependency  of  this  source 
function. 


Fig.  A2.1Q:  Square  cosine  shaped  source  function 
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At  the  boundary  to  the  feed  strip  both  the  function  value  and  the  first 
derivative  vanish.  Because  the  expansion  functions  used  first  were  harmonic 
functions,  the  transition  function  appears  to  be  compatible.  However,  as  has 
been  shown  such  a  system  of  pure  harmonic  expansion  functions  is  not  a 
suitable  choice  to  describe  the  standing  wave  pattern  of  the  microstrip  mode 
on  the  feedlines. 

During  the  development  of  the  software  for  the  open  end,  a  system  of 
triangular  expansion  functions  were  found  to  be  better  suited.  However,  the 
source  functions  are  not  strictly  compatible  with  this  system  of  expansion 
functions  since  the  first  derivatives  of  the  expansion  functions  do  not 
vanish  on  the  subregion  boundaries.  Depending  on  the  overlap  between  the 
source  function  and  the  adjacent  expansion  function  this  results  in  a 
discontinuity  of  the  solution  in  the  vicinity  of  the  source.  This  can  be 
avoided  using  a  longitudinal  transition  function  with  a  linear  dependency. 
The  schematic  (Fig.  A2.11)  shows  the  modified  source  and  transition  function 
in  combination  with  the  next  triangular  expansion  function  element. 


Fig.  A2.11:  Linear  ramp  source  function 


As  can  be  seen,  the  source  function  is  a  constant  combined  with  the  linear 
function  of  the  transition.  At  the  boundary,  the  function  value  vanishes  but 
the  first  derivative  does  not.  The  overlap  between  the  source  function  and 
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the  triangular  expansion  functions  are  always  chosen  as  shown  above,  since 
this  combination  results  in  a  destructive  combination  of  the  unwanted  effects 
of  the  derivatives  of  the  two  elements  at  the  overlap  point.  Fig.  A2.12 
shows  an  open  end  3D-solution  (longitudinal  strip  current  density)  taking 
into  account  the  improvement  described  here  (see  Fig.  A2.7  comparison). 


Fig.  A2.12:  Open  end  longitudinal  current  distribution:  linear  source 
function 

2.4.  EXPANSION  FUNCTION  SCHEME  FOR  THE  MICROSTRIP  STEP 

A  system  of  suitable  subsections  and  expansion  functions  for  the  step  discon¬ 
tinuity  has  been  set  up  and  tested  for  numerical  data.  In  the  case  of  the 
step,  the  discontinuity  has  been  divided  into  seven  different  metallisation 
sections  (Fig.  A2.13). 
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Fig.  A2.13:  Step  subsection  plan 

Section  1  is  the  feedline  section  of  the  narrower  line.  Section  2  is  the 
interconnecting  section  between  the  two  feedlines.  The  width  of  section  3  is 
equal  to  the  width  of  section  1  (narrower  feedline).  Sections  6  and  7  are 
upper  and  lower  boundary  sections  of  the  second  feedline  (larger  linewidth). 
sections  4  and  5  are  interconnecting  sections  between  the  boundary  sections 
and  the  internal  section  3. 

All  of  the  subsections  use  the  same  types  of  expansion  functions.  Sections 
1,  6  and  7  consist  of  both  internal  expansion  functions  (bilinear  type)  and 
boundary  expansion  functions  (including  Maxwel 1 -terms) .  Tbe  other  sections 
consist  only  of  internal  expansion  functions.  2,  4  and  5  are  interconnecting 
sections  which  overlap  between  the  different  expansion  areas. 

As  a  representative  example,  a  symmetric  microstrip  step  was  analysed.  The 
structure  was  simulated  on  lOO^m  GaAs  embedded  with  a  slight  asymmetry  in  a 
package  of  0.5mm  x  1.0mm.  The  simulation  frequency  was  40  GHz. 

Fig.  A2.14  shows  the  resultant  longitudinal  current  distribution  on  the 
metallisation  area.  Here  the  source  function  is  connected  to  the  narrow 
feedline.  It  is  obvious  that  the  fundamental  microstrip  mode  which  is 
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approximately  impressed  by  the  source,  becomes  distorted  in  the  vicinity  of 
the  abrupt  change  of  the  line  width.  The  current  distribution  on  the  wider 
feedline  is  somewhat  different  from  the  fundamental  microstrip  mode.  This  is 
thought  to  be  due  to  the  relatively  small  length  of  the  wide  section  and  the 


Fig.  A2.14:  Step  longitudinal  current  distribution 

fact  that  the  disturbance  caused  by  the  narrow  feed  strip  has  not  yet  decayed 
sufficiently.  For  the  evaluation  of  S-parameters  the  feedlines  must  have  a 
length  long  enough  to  have  two  regions  within  which  the  fundamental 
microstrip  mode  can  propagate. 

2.5.  EXPANSION  FUNCTION  SCHEME  FOR  THE  MICROSTRIP  90°  BEND 

The  expansion  function  scheme  for  the  microstrip  bend  discontinuity  was 
implemented  in  terms  of  5  different  subsections.  Fig.  A2.15  shows  the  layout 
of  this  scheme. 
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Fig.  A2.15:  Bend  subsection  plan 

In  the  figure,  section  1  is  tne  first  feedline  section,  section  2  the 
interconnecting  section  between  the  feedline  and  the  corner  segment,  section 
3  the  bend  section,  section  4  denotes  the  interconnecting  section  between  the 
bend  section  and  the  second  feedline  section,  section  5. 

All  of  the  subsections  use  the  same  scheme  and  expansion  functions  and 
consist  of  both  internal  expansion  functions  (bilinear  type)  and  boundary 
expansion  functions  (including  Maxwel 1 -terms) .  2  and  4  are  interconnection 
sections  which  overlap  between  the  different  expansion  areas  to  obtain 
continuity  of  the  current  distribution. 

A  representative  example,  a  symmetric  microstrip  bend  discontinuity  was 
analysed.  The  structure  was  simulated  for  a  lOOum  GaAs  substrate  embedded  in 
a  package  of  0.8  mm  x  0.8  mm.  The  simulation  frequency  was  40  GHz. 

Fig.  A2.16  shows  the  longitudinal  (x-directed)  current  distribution  on  the 
metallisation  area.  Only  one  source  function  is  switched  on  in  this 
excitation  state.  The  source  is  excited  into  the  positive  x-direction.  As 
can  be  seen  the  fundamental  microstrip  mode  which  is  approximately  impressed 
by  the  source  becomes  distorted  in  the  vicinity  of  the  bend.  The  plotted 
x-directed  current  is  rather  small  on  the  second  line.  This  is  due  to  the 
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fact  that  the  x-directed  longitudinal  current  on  the  first  line  represents 
the  transverse  current  on  the  second  line  and  as  such  should  be  much  smaller, 
if  the  configuration  still  behaves  similar  to  a  TEM  transmission  line. 

Fig.  A2.17  shows  the  y-directed  current  distribution  on  the  metallisation 
area  for  the  same  excitation  state.  On  the  second  feed-line  the  y-directed 
current  is  the  longitudinal  component  which  now  has  a  larger  amplitude  than 
the  transverse  component  on  the  first  feed-line. 

2.6.  EXPANSION  FUNCTION  SCHEME  FOR  THE  T-JUNCTION 

A  system  of  suitable  subsections  and  expansion  functions  for  the  symmetric 
T-junction  discontinuity,  is  shown  in  Fig.  A2.18. 


■ 
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1 

m 

Fig.  A2.18:  T-junction  subsection  plan 

In  the  figure  sections  1  and  3  are  feedline  sections  of  the  through-lines, 
and  section  2  the  respective  feedline  section  of  the  stub-line.  Section  7  is 
defined  over  the  area  between  the  feedl ine-section  3  and  sections  4,  5  and  6 
are  interconnecting  sections  between  the  three  feedlines  and  the  interior 
expansion  area,  used  to  ensure  continuity  of  the  current  distribution. 
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An  subsections  use  the  same  scheme  and  types  of  expansion  functions. 
Sections  1  to  6  consist  both  of  internal  expansion  functions  (bilinear  type) 
and  boundary  expansion  functions  (including  Maxwel 1 -terms) .  Section  7 
consists  only  of  internal  expansion  functions. 

As  an  example,  a  symmetric  microstrip  T-junction  (i.e.  the  line  width  of  the 
through-line  does  not  change)  was  analysed.  All  line  widths  were  chosen  to 
be  O'.  1  nm.  The  structure  was  simulated  on  100pm  GaAs  embedded  in  a  package  of 
1.2  mm  X  1.0  nm  (cover  height  is  1.0  nm) .  The  simulation  frequency  was  40GHz. 

Fig.  A2.19  shows  the  x-directed  current  distribution  on  the  metallisation 
area.  This  current  component  is  longitudinal  on  the  through- feedl  ines.  The 
source  function  is  connected  to  one  of  the  two  ports  of  the  through-feedl ine. 
As  can  be  seen  the  fundamental  microstrip  mode  which  is  approximately 
impressed  by  the  source  becomes  distorted  in  the  vicinity  of  the  stub-line 
connection.  The  x-directed  current  plotted  here  is  the  transverse  current  on 
the  stub-line  and  is  small  compared  to  the  longitudinal  current  component  on 
the  feedline.  Only  the  transition  region  into  the  stub  shows  noticeable 
values  of  the  current  density  x-component. 

Fig.  A2.20  shows  the  y-directed  current  distribution  on  the  metallisation 
area.  This  component  is  the  longitudinal  current  on  the  stub-line  and  the 
transverse  current  on  the  through-feedl ines  (opposite  to  the  x-directed 
current) . 

These  current  distributions  show  the  correct  and  expected  behaviour.  The 
longitudinal  current  distributions,  outside  of  the  direct  vicinity  of  the 
junction  area,  are  reasonably  close  to  the  fundamental  microstrip  mode,  one 
of  the  conditions  for  stable  S-parameters  extraction. 
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Fig.  A2.19:  T-junction  longitudinal  current  distribution:  x-directed 


Fig.  A2.20:  T-junction  longitudinal  current  distribution;  y-directed 
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3.  DEVELOPMENT  OF  THE  SOE  PROGRAMME 
3.1.  STRUCTURE  OF  THE  PROGRAMME 

A  brief  outline  of  the  internal  programme  organisation  in  the  new 
discontinuity  programme  modules  is  shown  in  Fig.  A3.1: 


In  the  programme  mode  field  analysis  software  reads  the  input  data  file, 
computes  the  microstrip  mode  characteristics  of  the  feed  lines  and  writes 
them  to  a  data  base  file.  The  SOE  programme  modules  read  this  file  and  an 
input  data  file. 

At  the  first  frequency  an  operator  initialisation  for  the  SOE -method  is 
performed.  After  this,  the  system  matrix  is  generated  and  solved.  Using  the 
precomputed  microstrip  modes  the  S-parameters  are  calculated.  This  process 
is  then  repeated  for  each  subsequent  frequency. 
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3.2.  SUMMARY  OF  THE  3D  FULL-WAVE  SOE  APPROACH 


As  discussed  in  Section  1,  the  discontinuity  structures  are  simulated  in  a 
finite  field  region  (package).  The  medium  considered  is  a  single  layer 
GaAs-substrate .  Fig.  A3. 2  shows  the  cross-section  and  sub-division  of  the 
field  region  (EW  =  electric  wall,  SP  =  symmetry  plane). 


Fig.  A3. 2:  T-junction  discontinuity  cross-section 


The  discontinuities  are  located  in  the  x-y  plane.  In  order  to  keep  the 
computational  expense  low,  two  side  walls  in  the  x-y  plane  are  software- 
switchable.  This  gives  the  choice  of  having  both  an  electric  or  magnetic 
wall  for  each  of  the  two  side  walls  denoted  SP.  The  figure  also  shows  the 
x-y  plane  which  contains  an  open-end  discontinuity.  Note  that  in  this  case 
the  microstrip  line  with  the  open-end  is  located  in  the  switchable  wall  (SP 
then  denotes  a  magnetic  wall,  even  symmetry). 

The  electromagnetic  wave  potentials  for  the  LSM  and  LSF  waves  are  described 
using  a  discrete  series  expansion  (i  denotes  the  dielectric  layers,  i  =  1  for 
GaAs  and  i  =  2  for  air). 
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T>ie  electromagnetic  potentials  contain  the  z-dependency  as  well  as  the 
continuity  of  the  tangential  electric  field  at  the  substrate  surface.  From 
the  electromagnetic  potentials  the  resulting  equations 

E  =  L  J  =  0  on  conductors 
s  ^ 


and 


E 


t 


Z  at  the  reference  planes  RP  1,2,3 


with 


and 


can  be  derived,  where  is  the  tangential  electric  field  at  the  conductors 
in  region  B.  is  the  surface  current  density  and  the  2-dimensional 
operator  in  the  x-y  plane.  The  operator  is  a  linear  integral  dyadic  and 

Ajr 

results  from  the  dyadic  Green's  function  in  the  spectral  domain.  The 
operators  and  result  in  a  similar  way  from  mapping  the  surface 
current  density  into  the  transverse  (x-z  plane)  electric  and  magnetic 
field.  The  modal  representations  of  the  transverse  field  (E^,  H^)  in  the 
reference  planes  are  generated  by  a  modal  analysis  program  and  written  into 
a  suitable  input  file  for  the  range  of  parameters  of  interest.  T^^  and  T^^ 
are  transformation  operators  describing  the  transverse  field  in  terms  of 
vector  wave  amplitudes  a  and  b,  all  operators  being  expandable  in  terms  of 
frequency. 
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The  operator  equations  given  above  can  be  solved  in  one  or  two  steps. 
The  two-step  solution  has  been  chosen  for  reasons  of  reduced  organisational 
program  complexity.  To  achieve  this,  the  surface  current  density  is  split 
into  two  portions: 


'^S  ■  ^SA  '^SB 

in  which  acts  as  an  impressed  source  distribution  This  sets  up  a 
deterministic  first  step  problem  solution  which  in  the  second  step  is  then 
related  to  the  modal  data  in  the  input  file  using  the  operators  L  ,  M  , 
T  and  t“  ,  resulting  in  wave  amplitudes  or  scattering  parameters.  The 
finite  region  chosen  does  not  imply  that  energy  transport  phenomena  are  not 
included  in  the  discontinuity  characterisation.  By  the  testing  procedure 
implicit  in  the  second  step  of  the  solution,  the  result  is  stripped  down  to 
the  reference  planes  RP.  In  case  of  multimode  analysis,  this  allows  the 
incorporation  of  parasitic  wave  radiation  phenomena. 


3.3.  OUTLINE  OF  THE  SYSTEM  MATRIX  SOFTWARE 


The  system  matrix  is  given  by: 


I 


g  ’g  (k2  Z  +  q  k2  Z.  ) 

^xv  ^xv  xm  ev  ^  yn  hv 

g  ’g  (k  k  Z  -q  Z.  ) 

^xv  ^xv  xm  yn  ev  ^  hv 


g  ^'g  (k  k  (Z  -qZ. 
^xv  ^yv  xm  yn  ev  ^  hv 

’g  (k2  Z  +q  k2  Z.  ) 
^yv  xm  ev  ^  xm  hv 


0 


with  V  =  {m,n)  being  the  combined  index  for  the  x  and  y  direction,  q  =  kQ2 
(representing  the  frequency  parameter),  Z^^,  Z^^  being  the  spectral 
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impedances  and  g  ’  2D-expansion  functions,  where  the  indices  i  and  k 

^  ^  9  y » 

determine  the  element  number  of  the  generated  matrix  element. 

As  mentioned  in  Section  2  the  resulting  2-dimen^i onal  expansion  functions  are 
all  of  the  kind 

9x  "  ®x^^^  ^x^^^ 

Qy  =  ^y(y) 

i.e.  they  are  separable  in  the  x-  and  y-direction.  The  Fourier  transforms  of 
these  1-dimensional  expansion  functions  are  evaluated  in  detail.  Their 
transforms  are  discrete  and  are  defined  with  dimensions  of  the  x  co-ordinate 
of  the  package  ranging  from  0  to  a  and  the  y  co-ordinate  from  0  to  b.  The 
spectral  variables  k^^^  and  k^^  are  the  new  spectral  variables  in  the  Fourier 
domain. 

As  outlined  the  ID-expansion  functions  are  usually  defined  only  over  a 
certain  package  subregion  in  x  or  y  direction.  A  very  important  point  in  the 
proper  choice  of  the  ID-expansion  functions  is  the  ability  to  compute  the 
Fourier-transforms  for  maximum  CPU-time  saving.  In  the  optimum  case  each 
Fourier-transform  can  be  precalculated  analytically  avoiding  any  kind  of 
series  expansion. 

The  ID-expansion  functions  consist  of  piecewise  combination  harmonic  terms  of 
(sin,  cos)  i.e.  multiplied  with  Maxwell  terms  to  satisfy  the  correct  edge 
behaviour.  The  resulting  Fourier-transforms  therefore  consist  only  of 
harmonic  function  combinations  with  the  zero-order  Bessel  function  Jq.  Since 
the  harmonic  functions  are  always  implemented  in  standard  compilers  and 
Bessel  functions  Jq  can  be  calculated  rather  efficiently  using  a  polynomial 
approximation  all  the  requirements  of  the  ID-expansion  functions  are 
satisfied. 


.312. 


In  the  expansion  function  routines  of  the  3D-S0E  solver  only  the  Fourier- 
transforms  of  the  1-dimensional  expansion  functions  are  computed.  This  is 
done  by  using  the  control  and  geometric  input  data  defining  the  actual 
expansion  regions  and  expansion  orders.  The  resulting  2D-expansion  functions 
are  generated  separately  by  a  suitable  selection  and  combination  scheme  as 
described  below.  The  advantage  of  this  procedure  is  the  very  efficient 
computation  obtained.  Elements  in  the  resulting  system  matrix  contain 
constituents  of  the  form 


’  '  3y^'‘xm’'‘yn'' 


and  mixed  terms  where  (m.n)  is  the  combined  index  for  the  spectral  variable 
in  X-  and  y-direction,  i  and  k  are  the  superscripts  for  the  actual  number 
(type)  of  expansion  function  and  gx  ,y  ( '^xm ’“^yn  ^  ^  ’  ^x  ,y  ^  “^xm ’“^yn 
Fourier-transforms  of  the  2D-expansion  f'-  ‘ons  of  type  i  -or  k.  The  two 
superscripts  i  and  k  result  from  the  utilised  moment  method  (Garlerkin)  where 
the  testing  functions  are  equal  to  the  expansion  functions. 


Since  the  number  of  spectral  contributions  for  accurate  MMIC  structure  analy¬ 
sis  is  rather  high  (usually  from  100  to  several  1000)  due  to  the  fact  that 
the  number  of  terms  corresponds  directly  to  the  spatial  resolution,  the 
combined  index  (m,n)  can  easily  reach  several  millions.  The  constituents 
gy  computed,  however,  using  the  precomputed  Fourier- 
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transforms  of  the  ID-expansion  functions.  This  reduces  the  actual  computa¬ 
tion  of  the  2D-expansion  functions  to  the  combination,  i.e.  multiplication 
of  the  ID-expansion  function  which  can  then  be  made  CPU-time  efficient. 


.313. 


In  order  to  verify  the  correct  spatial  dependencies,  test  software  was 

written.  This  software  performed  the  following  tasks; 

•  computes  the  respective  expansion  function  components  (i.e.  x-  and 
y-components  in  the  spectral  domain). 

•  transforms  the  expansion  functions  generated  in  the  spectral  domain 
back  into  the  space-domain. 

•  represents  graphically  the  back-transformed  expansion  functions  in  the 
space-domain. 

The  final  2-D  expansion  function  components  generated  are  each  a  product  of  2 

different  1-D  expansion  functions.  Two  different  test-programs  were  written 

to  apply  the  outlined  test-procedure  both  for  the  1-0  expansion  function 

factors  and  for  the  2-0  combined  expansion  functions. 

An  example  of  the  graphical  representation  of  a  1-0  expansion  function  is 
shown  in  Fig.  A3. 3.  Another  example  shows  the  graphical  representation  of  a 
2-0  function  used  as  the  source  term  for  the  open-end  discontinuity  analysis 
(Fig.  A3. 4). 

During  tests  it  became  obvious  that  there  was  still  an  organisational  problem 
in  combinating  the  1-0  expansion  functions  into  the  2-0  expansion  functions. 
So  a  reorganisation  of  the  combination  scheme  of  expansion  functions  became 
necessary.  During  the  generation  of  the  final  matrix  (linear  system  of 
equations)  combinations  of  the  1-0  expansion  functions  were  computed  in  the 
spectral  domain  in  a  consistent  manner  regarding  completeness  and  symmetry 
aspects.  In  order  to  avoid  time-consuming  control  computations  the  complete 
information  concerning  all  necessary  combinations  was  generated  once  and 
stored.  In  this  way  the  actual  generation  of  the  system  matrix  is  done  very 
efficiently. 
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Fig.  A3. 3:  1-D  expansion  function 


Fig.  A3. 4:  2-D  source  function 
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3.4.  TESTING  OF  THE  SYSTEM  MATRIX  GENERATION  AND  THE  LINEAR  SYSTEM  OF 
EQUATIONS  SOFTWARE 

As  a  test  of  the  software  the  current  distribution  on  the  metallic  surface  of 
the  open  end  microstrip  line  was  computed  (Fig.  A3. 5).  In  this  example  a 
60iim  wide  microstrip  line  (length  is  lOO^m)  was  simulated  on  lOO^m  GaAs  in  a 
100^lm  X  140nm  package  for  f  =  50  GHz. 

As  can  be  seen  the  electrical  current  density  vanishes  outside  the  metallisa¬ 
tion  as  required.  The  source  distribution  and  the  edge  currents  (Maxwell 
terms)  also  can  be  seen. 

In  a  general  example  a  0.2  nm  wide  microstrip  line  (length  is  0.8  nri)  was 
simulated  on  iOOum  GaAs  in  a  0.8  mm  x  1.0  mm  package  for  f  =  100  GHz  which 
corresponds  to  about  a  full  wavelength  open  end  resonator.  The  expansion 
functions  were  chosen  such  that  they  give  the  correct  singular  behaviour  at 
the  3  strip  boundaries  (Maxwel 1 -Terms) .  Additional  harmonic  expansion 
functions  of  order  4  were  chosen  to  account  for  the  current  expansion  over 
the  internal  conductor  area  (transmf ssfon  line  type).  The  length  of  the 
source  region  was  0.2  mm  and  overlapped  by  the  current  expansion  area.  For 
this  example  the  longitudinal  current  density,  the  transverse  current  density 
and  the  norm  of  the  electric  field  density  (all  in  the  metallisation  plane) 
were  computed  and  plotted. 

The  longitudinal  current,  the  dominant  current  component  in  the  direction  of 
wave  propagation,  shows  the  expected  basic  behaviour  due  to  a  physical  length 
of  about  one  wavelength  of  the  resonator,  i.e.  one  complete  sine-wave  on  the 
line.  However,  on  studying  the  longitudinal  current  (Fig.  A3. 6)  it  should  be 
expected  that  the  edge  (Maxwell )- terms  to  have  comparatively  larger 
amplitudes  compared  to  the  amplitudes  of  the  internal  (harmonic)  expansion 
areas  than  shown.  Also,  the  expansion  function  choice  did  not  result  in 
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Open  end  normal  electric  field 
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sufficiently  smooth  current  behaviour.  This  is  partially  due  to  the  order  of 
the  harmonic  expansion  being  low  (only  4). 

Fig.  A3. 7  shows  the  transverse  current  on  a  different  scale  than  that  for  the 
longitudinal  current.  As  a  result,  a  direct  comparison  between  the 
amplitudes  of  the  two  current  components  is  not  possible.  However,  the  odd 
symmetry  of  the  transverse  current  component  is  as  expected. 

In  Fig.  A3. 8  the  norm  of  the  electric  field  in  the  metallisation  plane  is 
shown.  It  can  be  seen  that  the  electric  field  vanishes  approximately  on  the 
metallisation  except  on  the  area  where  the  source  current  is  impressed  and  as 
expected  outside  the  metallisation,  the  tangential  electric  field  is 
relatively  strong  in  the  vicinity  of  the  edges. 

3.5.  TREATMENT  OF  THE  GREENS  FUNCTION  SPECTRAL  EXPANSION 


As  to  the  spectral  expansion  of  the  Green's  function  terms  with  respect  to 
frequency,  this  is  performed  similar  to  the  method  outlined  in  a  recent  paper 
([l],  Section  1.3).  The  spectral  interface  impedance  linking  the  spectral 
representations  of  electric  field  and  current  density  can  be  written 
according  to  this  in  the  form: 


Z,  (q) 


^^'xm  ^ev  "  ^  ^hv^ 

*^xm  *^ym  ^^ev  ”  ^hv^ 


f'ev  -  ^  'hv^ 
^  ^  xm  ^hv) 


with  V  =  (m,n)  and  q  =  kg^  (representing  the  frequency  parameter). 
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The  LSM  and  LSE  spectral  impedances  are  and  in  this  expression.  With 
the  explicit  factors  of  q  split  off  as  shown  above,  these  can  efficiently  be 
expanded  in  terms  of  q  for  values  of  v  beyond  a  precomputed  threshold  value 
Vq.  This  takes  the  form  of  a  Taylor  expansion  and  together  with  the  choice 
of  frequency  independent  expansion  functions  results  in  the  expansion  of  the 
operator  L  .  These  respective  sub-operators  related  to  the  expansion  are 

AJ 

set  up  during  the  initialisation  of  the  programme,  when  the  analysis  for  the 
first  frequency  point  is  invoked. 

The  idea  of  the  spectral  operator  expansion  method  is  that  both  the  expansion 
functions  have  no  dependency  and  the  spectral  impedance  terms  have  only  a 
very  weak  dependency  on  the  frequency.  This  is  valid  in  the  above  equation 
beyond  a  certain  subscript  v  (m,n).  So  the  above  equation  can  be  written  as 
a  sum  of  a  Taylor  series  expansion  in  terms  of  frequency  which  can  be 
truncated  after  the  third  element  and  for  matrix  terms  computed  up  to  a  low 
order  v  (m,n) . 


Those  parts  of  the  equations  which  can  be  expanded  can  be  written  as 


Matri  x 
operator 


Source 

operator 


expanded 


expanded 


=  Miqg)  +  M'(qg)  (q-qp)  + 


+  Siq^)  +  S'(q^)  (q-qg)  +  S{qg){  (q-qg)' 


.320. 


where  is  the  frequency  parameter  around  which  the  Taylor  series  is 
expanded,  q  is  the  actual  frequency,  the  M{qQ)  and  SCq^)  terms  stand  for  the 
matrices  at  the  expansion  frequency,  M'(qQ),  S'Cq^)  for  the  first  and  M"{qQ), 
S"(qQ)  for  the  second  derivative  of  the  matrices  at  the  expansion  frequency. 

All  the  M- terms  consist  of  6  different  submatrices  (S-terms  of  4)  so  that  the 
complete  number  of  necessary  submatrices  adds  up  to  18  (12).  These  matrices 
M,S,>1',S',M"  and  S"  have  to  be  generated  only  once  (at  the  expansion 
frequency  q^).  Their  multiplication  with  the  (q-qg)  and  (q-qQ)^  terms  can 
be  done  efficiently,  so  that  the  full  summation  for  the  system  generation 
needs  only  to  be  performed  once  for  a  given  expansion  frequency. 

In  summary,  the  matrix  generation  is  done  in  the  following  steps: 

•  generation  of  the  Fourier-transformed  ID-expansion  functions. 

•  combination  to  the  actual  2D-expansion  functions. 

•  computation  of  the  spectral  impedances  and  . 

•  combination  to  the  resulting  matrix  operations  M  ...  and  S  ... 

Because  the  spectral  impedances  Z^^  and  Z^^  depend  only  upon  the  term  k  ^  = 
+  k^^  a  very  efficient  computation  of  these  values  is  possible  by  first 
generating  linear  vectors  k/).  z^,^(k/)  and  then  uti 1 i si ng  a  fast 
interpolation  concept,  used  successfully  in  the  SFPMIC  program. 

The  final  res:;'' ting  linear  equation 


' 

—  — 

-  .1 

M 

M 

V 

s 

XX 

xy 

X 

XX 

Mvw 

V 

s 

xy 

yy 

y 

yy 

— 

- 1 

—  _ ! 

-  — - 

.321. 


having  the  submatrices  M  and  the  subvectors  S  (source)  consisting  of  real 
coefficient,  submatrices  being  symmetric.  Due  to  the  characteristics  of  the 
Fourier  coefficients  (different  types)  of  the  expansion  functions,  the 
submatrices  and  subvectors  can  again  be  split  up  (e.g.  M^^)  as 


XX 


XX 


M 


the  submatrices  having  different  summation  properties  (decay  of  residual 
error).  So  it  is  possible  to  compute  for  each  of  the  blocks  of  the  optimum 
spectral  threshold  for  which  the  spectral  operator  expansion  can  be 
performed.  For  simplicity  at  present  they  are  treated  with  constant 
thresholds  in  order  to  avoid  unnecessary  complications.  An  advantage  is  that 
the  necessary  matrix  inversion  can  be  done  in  a  very  stable  way  utilising  the 
special  block  structure  of  the  submatrices. 

3.6.  VERIFICATION  OF  THE  TANGENTIAL  ELECTRIC  FIELD  DENSITY  COMPUTATION 

The  3-dimensional  electromagnetic  field  problem  is  solved  utilising  the 
condition  that  the  tangential  electric  field  must  vanish  on  the  metallisa¬ 
tion.  This  is  formulated  using  a  Galerkin  procedure.  The  essential 
criterion  is  the  computation  of  the  electric  field  in  the  metallisation  plane 
from  the  numerical  solution  and  the  check  for  the  tangential  electric  fiela 
being  zero  on  the  conductor. 
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The  spectral  electric  field  components  can  be  written  in  matrix  form: 


Za  (k^.ky) 

Zb  (k^,k^) 

’x 

®y  ^'^x*'^y^ 

Zb  (k^,k^) 

Zc  (k^.ky) 

’y  "'x-'^y’ 

where  the  elements  Za,b,c  (k  ,k  )  are  the  Green's  functions  in  the  spectral 

X  y 

domain,  spectral  electric  field  components  and  I 

the  spectral  current  density  components. 

The  electric  field  components  at  an  arbitrary  location  (xQ.yg)  in  the 
metallisation  plane  can  be  computed  in  the  approach  using  the  Fourier  series 


K  ’^o>yQ)  =  I  sin(k^.Xo)  I  e  (k  ,kJ  cos(k  y^) 
m  x\  ^  ^  ^ 


With  the  electric  field  components  computed  in  this  manner  for  a  grid  of 
points  the  electric  field  norm  can  be  computed  at  several  locations  in  the 
metallisation  plane  and  plotted. 

3.7.  NUMERICAL  ACCURACY  OF  THE  SPECTRAL  OPERATOR  EXPANSION  GREEN'S  FUNCTION 
TERMS 

As  has  already  been  mentioned  the  SOE-method  is  based  on  the  fact  that  the 
contributions  to  the  generated  system  matrices  have  only  weak  dependencies  on 
the  frequency  if  the  element  spectral  order  is  high  enough.  As  such  the 
SOE-approach  utilizes  a  Tayl or-series  in  which  the  elements  can  be  truncated 
after  the  second  derivative.  In  the  program  the  SOE  implementation  of  these 
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spectral  matrix  elements  derivatives  are  computed  using  finite  difference 
approximations. 


During  testing,  it  became  obvious  that  the  generation  of  the  second  deriva¬ 
tive  could  become  numerically  unstable,  when  its  value  is  very  small.  Due  to 
roundoff  error,  the  instability  increases  if  the  differences  of  the  frequen¬ 
cies,  which  are  used  for  the  computation  of  the  derivatives  is  small.  On  the 
other  hand,  the  accuracy  of  the  derivatives  is  lower  if  the  larger 
differences  are  taken.  As  a  result  a  suitable  compromise  for  the  difference- 
values  of  the  frequency  had  to  be  found  by  empirical  investigations/ trial 
computations.  A  reasonable  practical  value  of  f  for  the  difference 
approximations  was  found  to  be  about  1%  of  the  highest  frequency  chosen  in 
wide  band  frequency  analyses. 

Another  aspect  which  had  to  be  considered  in  more  detail  was  the  truncation 
of  the  spectral  series,  i.e.  the  number  of  spectral  terms  used.  As  already 
outlined,  the  elements  of  the  generated  system  matrices  consist  of  a 
SOE- expanded  part  and  the  direct  spectral  contribution.  The  threshold 
between  the  direct  contribution  and  the  SOE-part  is  computed  using  the 
requirement  that 


= 


K  2  ,  p  ■  K  2 

omax  rmax  rT 


(with 


has  only  a  very  weak  dependency  on  the  frequency,  where  the  subscript  T 
indicates  the  threshold  value.  This  situation  occurs  if  the  value  of  is 
much  larger  than  the  maximum  frequency  dependent  term.  Accordingly,  a 
suitable  threshold/function  criterion 


k2_  =  C,  k2  e 
rT  T  omax  rmax 

was  chosen,  where  is  the  threshold-value,  Cy  a  constant  interchange  10 
...  100  determining  the  actual  ratio  between  the  direct  and  the 
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SOE-contri buti on  and  the  maximum  relative  dielectric  constant  of  the 
media  associated  with  a  configuration. 

Graphically  seen  in  the  v-plane  (v=(m,n),  spectral  index)  the  direct  and  the 
SOE-part  of  the  matrix-elements  generated  to  describe  a  discontinuity  can  be 
represented  in  Fig.  A3. 9. 


Fig.  A3. 9: 


Spectral  index 


The  SOE-contributions  of  the  system  matrices  have  to  be  generated  only  once 
at  the  initialization  frequency  At  subsequent  frequencies  only  the 

direct  contribution  has  to  be  computed.  The  amount  of  time  spent  for  the 
computation  of  the  matrix  is  proportional  to  the  area  in  the  v-plane. 
Typically  the  truncation  subscript  (m,n)  are  in  the  order  of  10  ..  20 
corresponding  roughly  to  100  ...  400  direct  spectral  terms  for  the 

substrates,  frequency  range  and  package  sizes  investigated. 


Depending  on  the  structure  and  the  package  of  the  simulated  discontinuity  the 
truncation  indices  {m,n)  of  the  SOE-expandabl e  part  of  the  matrices  can 
easily  reach  100  ...  2000  corresponding  to  10,000  ...  4,000,000  spectral 


terms.  This  results  in  a  speed-up  factor  of  between  100  ...  1000  from  the 
SOE-initial ization  to  the  frequency-dependent  solution  of  the  discontinuity. 
A  representative  CPU-time  performance  curve  for  an  open  stub  example,  time 
consumption  on  a  MicroVAX  (resolution  m=49,  n=22)  versus  the  number  of 
frequency  points  analysed  is  shown  in  Fig.  A3. 10. 


Fig.  A3. 10:  Computation  performance 
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4. 


COMPUTATION  OF  THE  SCATTERING  PARAMETERS 


4.1.  S-PARAMETER  COMPUTATION  METHOD 

The  method  of  S-parameter  computation  chosen  is  based  on  the  projection  of 
the  3-D  solution  of  the  discontinuity  electromagnetic  field  in  fre  reference 
plane  of  interest  onto  the  vector  space  of  precomputed  microstrip-feedl ine 
modes  where  the  hybrid  microstrip  modes  are  used  together  with  their 
orthogonality  properties.  Figure  A4.1  shows  a  general,  representative  scheme 
for  the  extraction  of  S-parameters  following  this  method. 


Fig.  A4 . 1 :  T-junction  discontinuity  S-parameter  extraction  scheme 

where  the  elements  SI, 2, 3  are  the  3  necessary  sources  for  the  discontinuity 
considered  (a  3-port  T-junction),  the  S-parameters  being  computed  in  the 
reference  planes  (RP1,2,3). 

The  mathematical  formulation  of  the  method  is 
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C  3Dp 
^^3Dp 


J  -  ^*a-> 


/  X  E*J'-‘^'^  dA. 

RP^.  ^ 

->  /  X  dA. 

RP.  ^  ^ 


which  leads  to  a  linear  system  of  equations.  The  elements  of  this  linear 
system  consist  of  integrals  which  have  to  be  computed  over  the  reference 
planes  of  interest.  The  analytical  and  the  numerical  evaluation  of  these 
integrals  needs  to  be  quite  sophisticated  in  order  to  exploit  the  advantages 
of  the  SOE. 


A  significant  advantage  of  this  S-parameter  extraction  method  as  compared  to 
methods  used  previously  is  the  available  accurate  description  of  radiation 
effects  (LSM-modes).  This  is  due  to  considerable  improvement  in 
distinguishing  between  the  LSMQ-mode  and  the  lowest  microstrip  mode 
propagating  on  the  feed-line.  Experience  has  shown  that  due  to  the 
similarity  of  these  two  modes  in  the  cross-section  of  the  microstrip 

feed-line,  their  separation  has  been  rather  difficult  in  using  SFPMIC  in 
which  the  local  function  method  for  S-parameter  extraction  is  used. 

4.2.  VERIFICATION  OF  THE  OPEN  END  S-PARAMETER  COMPUTATION 

In  order  to  get  results  quickly  on  the  reflection  coefficient  of  the  open  end 
effect  a  simple  verification  method  was  chosen  for  the  computation  of  the 
S-parameters.  This  was  not  a  substitute  for  the  method  of  S-parameter 

extraction  as  already  described.  The  rigorous  extraction  method  is  rather 
complicated.  Therefore  it  was  helpful  to  have  a  simple  approximate 

S-parameter  extraction  procedure  for  debugging  and  verification  purposes. 

These  are  the  assumptions  made  in  the  simplified  S-parameter  extraction 

procedure: 
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•  only  the  dominant  microstrip-mode  is  propagating  on  the  feed  line 

•  the  feed  line  must  be  sufficiently  long  (at  least  about  half  a 
wavel ength 

•  no  package  modes  are  present  in  considerable  strength. 

Under  these  assumptions,  the  longitudinal  current  on  the  feed  line  is  a  pure 
standing  microstrip  type  wave  pattern  and  can  be  written  as 

Ilong  (x)  =  a0.cos( p(x-d))  +  b0.sin(  p{x-d)) 

assuming  a  propagation  in  the  x-di  recti  on.  The  aO  and  bO  are  unknown  real 
coefficients,  p  is  the  propagation  constant  and  d  is  the  location  where  the 
reflection  coefficient  is  computed  (location  of  the  reference  plane). 

The  quantities  aO  and  bO  are  computed  using  the  longitudinal  strip  current 
from  the  3-D  electromagnetic  discontinuity  module  output  by  calculating  the 
inner  products, 

aO  =  <  Ij^(x,yQ),  cos(p(d-x))  > 

bO  =  <  I^(x,yg),  sin(p(x-d))  > 

yg  being  in  the  y-plane  where  the  longitudinal  strip  current  is  computed. 
The  testing  area  (x-coordinate)  is  at  least  about  half  of  a  wavelength  to 
give  reasonable  accuracy. 

The  following  complex  power  related  wave  amplitudes 
A  =  Zg/2  .  (aO  +  j  bO)  .  exp  (+j  pd) 

B  =  Zq/2  .  (aO  -  j  bO)  .  exp  (-j  pd) 
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can  be  computed  with  Zq  being  the  strip  characteristic  impedance  of  the 
fundamental  mode  (quasi  TEM) .  Using  these  quantities  the  complex  reflection 
coefficient  r  can  then  be  calculated  as 

r  =  B/A 

On  implementation  of  this  method  shortcoming  identified  is  due  to  the  fact 
that  the  mode  field  analysis  program  applied  to  generate  the  numerical  values 
of  uses  expansion  functions  differing  from  those  used  in  the  3-D 
electromagnetic  open  end  module.  Two  possible  solutions  to  the  problem  were 
considered. 

The  first  solution  was  to  use  exactly  the  same  expansion  function  in  the 
precomputation  of  the  strip-type  solution  (p)  as  in  the  3D  discontinuity 
module. 


The  second  was  to  compute  the  required  value  of  p  from  the  3D  solution  which 
eliminates  the  error  introduced  by  an  external  (non-compatible)  p  value. 
This  can  be  done  via  the  use  of  the  error  function: 


1 


i 

1=1 


Ulon, 

Cg  "'ll 


3D 


with  1-1  (x)  being  the  appropriate  cosine  and  sine  approximation  of  the 
^^9  3n 

longitudinal  current  and  l-iQpg  (x)  the  longitudinal  current  computed  in  the 
3D  electromagnetic  field  solution  for  the  feed  region  xl  ...  x2,  the  error 
being  minimised  to  determine  the  unknown  parameter  p.  The  actual  S-parameter 
phase  on  the  feed  strip  as  computed  by  the  3D  electromagnetic  discontinuity 
program  is  thus  determined.  First  tests  of  this  approach  giving  satisfying 
results. 
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Fig.  A4.2  shows  a  schematic  representation  of  the  S-parameter  extraction  and 
error  computation  in  the  case  of  the  open-end  discontinuity. 


Fig.  A4.2:  Open  end  S-parameter  extraction  scheme 

The  range  chosen  for  S-parameter  extraction  on  the  feed  line  and  for  error 
computation  is  between  xl  and  x2.  The  xi  in  this  picture  corresponds  to 
the  Xf-va1ues  noted  above.  The  errors  defined  by  this  error-function  are 
usually  found  to  be  below  one  percent.  An  open-end  discontinuity  on  lOO^im 
GaAs  line-width  lOOum,  resonator  length  O.SOirm,  package  dimensions  0.5mm 
X  l.OOmn  and  simulation  frequency  50  GHz  was  chosen  as  an  example. 

Table  1  shows  the  values  of  the  currents  of  the  3D-solution,  the  cosine-sine 
approximation  and  the  difference  between  these  values  in  percent  (error)  at 
specific  points  over  the  range  xl  and  x2.  The  overal 1 -error  (LSQ)  is  0.807 
percent  indicating  a  very  good  agreement  with  the  current  computed  from  the 
3-D  electromagnetic  field  with  the  cosine-sine  standing  wave  representation 
assumed  in  the  S-parameter  evaluation  process. 
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Further  investigations  on  the  error  behaviour  clearly  showed  that  the  error 
minimisation  as  described  in  the  above  definition  was  a  good  accuracy 
criterion.  However,  it  does  not  provide  a  stable  and  accurate  way  to 
determine  the  "best  possible"  phase  constant  p  for  S-parameter  evaluation 
since  the  minimum  is  very  flat  as  a  function  of  p.  Such  can  be  concluded 
from  the  Table  2  (an  open  end  example). 
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Table  1: 
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LAMBDA 

IN  MM 

D  LAMBDA 

IN  PER  CENT 

PHI 

IN  DEG. 

0  PHI 

IN  PER  CENT 

ERR 

IN  PER  CENT 

2.0444 

-1.0 

-19.0 

-5.9 

0.834 

2.0547 

-0.5 

-19.9 

-2.9 

0.820 

2.0650 

0.0 

-20.5 

0.0 

0.807 

2.0753 

+0.5 

-21.1 

+2.9 

0.794 

2.0857 

+1.0 

-21.7 

+5.2 

0.781 

2.0959 

+1.5 

-22.3 

+8.8 

0.768 

2.2063 

+2.0 

-22.9 

+11.7 

0.756 

2.1683 

+5.0 

-26.2 

+27.8 

0.687 

2.2715 

+10.0 

-31.2 

+52.2 

0.585 

Table  2:  Phase  Error 


In  this  table  the  influence  of  the  precomputed  phase  constant  p  (or 
equivalently  the  wavelength)  on  the  reflection  coefficient  of  the  open  end 
effect  and  the  computed  error  is  listed.  Since  there  are  no  losses,  the 
magnitude  of  the  reflection  coefficient  is  always  1.0,  it  is  therefore 
sufficient  to  list  only  the  phase  angle.  Also,  the  deviation  of  the  computed 
phase  angle  from  the  phase  angle  computed  for  the  nominal  reference  input 
value  of  the  wavelength  is  listed.  The  nominal  input  value  of  the 
precomputed  wavelength  of  the  feed  strip  mode  is  2.065mm.  The  value  of  this 
precomputed  wavelength  has  changed  between  -1  percent  and  +10  percent  of  the 
nominal  value. 


The  above  discussion  shows  clearly  that  the  defined  error  function  is 
unsuitable  for  the  computation  of  the  actual  phase  constant  on  the  feed  lines 
by  the  minimisation  procedure.  On  the  other  hand  it  can  be  concluded  that 
the  error  in  the  precomputed  phase  constants  does  not  result  in  unacceptable 
errors  of  the  reflection  coefficient  (seen  in  the  example  of  the  open  end 
discontinuity)  since  the  precomputed  values  have  an  accuracy  of  better  than 
1%.  At  the  same  time,  was  found  to  result  in  a  quite  stable  S-parameter 
evaluation  if  its  value  is  below  0.2  percent. 
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4.3. 


3-D  ELECTROMAGNETIC  FIELD  SOLUTION  ACCURACY  REQUIREMENTS  FOR 
S-PARAMETER  EVALUATION 


The  method  of  S-parameter  extraction  consists  essentially  in  the  mapping  of 
the  longitudinal  current  on  the  feedline  section  (computed  from  the  3-D 
electromagnetic  field)  on  suitable  cosine-sine  functions.  Because  the  method 
uses  precomputed  feedline  data,  an  error  function  was  defined  which 
corresponds  to  the  approximation  quality  of  this  mapping  procedure. 

However,  it  became  obvious  for  short  evaluation  sections  that  a  measure  of 
the  3-D  electromagnetic  field  solution  quality  is  required,  because  it  is 
only  reasonable  to  extract  S-parameters  from  stable  and  convergent  electro¬ 
magnetic  field  solutions.  Therefore,  a  second  error  function  was  defined 
which  makes  use  of  the  electric  field  values  computed  in  the  region  for 
S-parameter  extraction.  The  quality  of  the  3-D  electromagnetic  field 
solution  is  considered  sufficiently  good  if  the  tangential  electric  field 
vanishes  with  good  accuracy  on  the  metallization.  The  normal  electric  field 
component  directly  under  the  metallization  (in  the  GaAs  layer)  is  bounded  and 
is  used  for  normalization  of  the  tangential  electric  field. 

The  electric  field  error  function 
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was  defined  with  x^.  representing  the  sampling  points  where  the  electric  field 
is  computed  and  N  denoting  the  total  number  of  sampling  points,  the  x^- 
chosen  in  exactly  the  same  region  where  the  S-parameter  extraction  is 
performed. 
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An  open-end  structure  was  chosen  here  as  a  representative  example  for  the 
introduced  residual  electric  field  error.  The  tangential  and  normal  electric 
field  components,  as  outlined  before,  have  been  computed  in  the  longitudinal 
direction  of  the  microstrip-line. 

Fig.  A4.3  shows  the  computed  tangential  and  normal  electric  field  components 
along  the  coordinate  y=yQ.  It  can  be  seen  that  the  tangential  part  vanishes 
approximately  on  the  metallization  area  except  near  the  end  of  the  strip 
where  it  rises  sharply  in  the  vicinity  of  the  open  end.  The  normal  electric 
field  is  plotted  on  the  same  scale.  The  oscillatory  behaviour  is  due  to  the 
relatively  low  resolution  applied  in  the  computation.  In  this  example  the 
least  squares  electric  field  error  is  2.03%  which  indicates  a  3-D 
electromagnetic  solution  of  good  quality. 


Fig.  A4.3:  Tangential  and  normal  electric  field 
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MISSION 

OF 

ROME  LABORATORY 

Rome  Laboratory  plans  and  executes  an  interdisciplinary  program  in  re¬ 
search,  development,  test,  and  technology  transition  in  support  of  Air 

3  •  • 

Force  Command,  Control,  Communications  and  Intelligence  (C  I)  activities 
for  all  Air  Force  platforms.  It  also  executes  selected  acquisition  programs 
in  several  areas  of  expertise.  Technical  and  engineering  support  within 
areas  of  competence  is  provided  to  ESD  Program  Offices  (POs)  and  other 
ESD  elements  to  perform  effective  acquisition  of  C  I  systems.  In  addition, 
Rome  Laboratory's  technology  supports  other  AFSC  Product  Divisions,  the 
Air  Force  user  community,  and  other  DOD  and  non-DOD  agencies.  Rome 
Laboratory  maintains  technical  competence  and  research  programs  in  areas 
including,  but  not  limited  to,  communications,  command  and  control,  battle 
management,  intelligence  information  processing,  computational  sciences 
and  software  producibility,  wide  area  surveillance/sensors,  signal  proces¬ 
sing,  solid  state  sciences,  photonics,  electromagnetic  technology,  super¬ 
conductivity,  and  electronic  reliability/maintainability  and  testability. 
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